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PREFACE 

The work described in this report was conducted by Aeronautical Research 

Associates of Princeton, Inc., Princeton, New Jersey, for the U. S. Army 

Engineer Waterways Experiment Station (WES), under Contract No. DACW39-80-C- 

0087. 

This report describes the development of a three-dimensional, finite- 

difference hydrodynamic model and comparison of the model results with field 

data. It also reports on the development towards a comprehensive sediment 

dispersion model; a laboratory study on the gravitational settling, entrain- 

ment, and deposition of cohesive sediments; and example calculations of sedi- 

ment dispersion in the Mississippi Sound. 

Dr. Y. Peter Sheng served as the Principal Investigator of this study 

and prepared this report. The author wishes to thank Mr. H. Lee Butler, WES, 

for his helpful suggestions and assistance during the course of this work. Drs. 

Peter L. McCall and J. Berton Fisher, Case Western Reserve University, assisted 

in the laboratory experiments on sediment. Drs. Richard Schmalz, Jr., and 

Robert Jensen of the Hydraulics Laboratory (HL), WES, assisted in providing 

the Mississippi Sound hydrodynamic data and wave data, respectively. 

The contract was monitored by Mr. H. Lee Butler. Through 30 June 1983, 

Mr. Butler was a Research Physicist in the Wave Dynamics Division (WDD), HL, 

WES, under the general supervision of Mr. H. B. Simmons, Chief, HL, and Dr. 

R. W. Whalin and Mr. C. E. Chatham, Jr., former and acting Chiefs, WDD. 

The WDD and its personnel were transferred to the Coastal Engineering Research 

Center of the Waterways Experiment Station on 1 July 1983 under the super- 

vision of Dr. R. W. Whalin. 

Support for the research came from various sources: the U. S. Army 

Engineer District, Mobile; the Coastal Flooding and Storm Protection Program, 

Mr. J. H. Lockhart, Jr., Technical Monitor, Office, Chief of Engineers; and 

the Field Verification Program (FVP). Funds for publication were provided 

by CERC. 
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The FVP Project Manager was Dr. R. Peddicord, Environmental Laboratory 

(EL), WES, under the general supervision of Dr. R. Engler, Chief, Contaminant 

Mobility and Regulatory Criteria Group; Mr. D. Robey, Chief, Ecosystem Research 

and Simulation Division; and Dr. J. Harrison, Chief, EL. The FVP is managed in 

EL through the Office of Environmental Effects of Dredging Programs, Mr. C. C. 
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CE, and COL Tilford C. Creel, CE. Technical Director was Mr. F. R. Brown. 





MATHEMATICAL MODELING OF THREE-DIMENSIONAL COASTAL CURRENTS 

AND SEDIMENT DISPERSION 

TABLE OF CONTENTS 

PREFACE J 6.0, G40 0 00) O) Gono (0) G10) 0 ONO) OG OHO! Oo 0 G00 6 

LIST OF FIGURES . . 2.2. 2.22. ee eee wee ew eo ow oo wo 0 ow 

GSU GF UNSUESS 6.660000 60600 06 080010 

LIST OF SYMBOLS . ~~. © «© 2 2 «© «© ww ow we ww ww ow 

CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI) UNITS 
OF MEASUREMENTS e e e e e e e e e e e e e e e e es e e e e 

INTRODUGTION 2 oS oe ew 
1 Coastal Currents and Sediment Transport. . 
2 Coastal Ecosystem. . . . « «© «© «© » «© «© @ e 
3 Past Modeling Studies. . .....-+-+e 
4 The Mississippi Sound. . .....-.-e-e-« 
5 Purpose and Scope of the Present Study . . 

HYDRODYNAMIC MODEL . . . «© « «© e ww e © 
Coll P\RAVIEY owoks a onc fo Motticinin 
2.2 Basic Equations and Boundary Conditions. 
2.3 Time Scales and Dimensionless Parameters 
2.4 Vertical Grid Resolution . .....e.«e 

205) 
2.6 
2.7 

Lateral Grid Resolution. . . 2... «ee 
Grid Alignment . . ...«-ee-2-ese2e ee o oc 
Dimensionless Equations and Boundary Conditions 
in Transformed Coordinates . . « « « « « © © © © © © © © @ © 

A fecermall Moses o 6 6 oc oO 0 OFS COO FBG OO G6 66 Oo 6 
29) learn) Heels 6 5b 0 SH OO OOK OOOO OOOO OOOO OO 

eee e © ee @ eee e e & @ eee e e ee @ eee e ee © @ eee © e ee @ eeee ee @ eeee © @ @ 

NUMERICAL ALGORITHMS .... 

1 External Mode Algorithm. .. 
2 Internal Mode Algorithm. . . 

of} (FIC GCINIRS 5.6 6'0 00 6 oO 0 
4 General Numerical Considerati on 

iii 



che ge 

’ a 7 ake. ' A 2 , « | peta 7 

Ree ee wo eke ‘Hogan shyatbo? bats einer? Tat 
“ a yo i 8 e.4 * 4 a9 * ‘lee re Ait A 

'e he ae et woe ee ee) ‘oe : + sEaSUSE aa 

; * oe ae oe i ee thy | ee a « p tWeee 

ee a ae ae ae eur? aaah at ™ , Ak ees 

» . , 

» ¢ « 2 

i * > > * 

il i ia *, ‘- os em + Rise ee ee Ck £ re 

tt Vo. eee Oe we Pe ee ee 

{i * ® . ‘¢ - 8, 2% & 2%. 

ne ” pie 218-6 6 SOR RIS 

ey) isle Bh bone 4 Ps or | Ks ae ‘9 aes) is ‘ioe * wp i : 

98 YY Pa a ee) a + wwplies ” jel ¥ + Eee hed fee ; 

Me Wale bis aac ke ae i v faeeetth Bh af, 
ai5 . ‘enorssbeed vnboias fay ‘ented oa exoian tenemee v8 

i Oa en ee kh me ke ae we oe eetea threes Tek tenuate ; 
“ i fi vy vn 
sé 2 2 8 oe em Oe ee) Owe eee ke ae ae ‘* 

R aly id ey 

8 wertaoa an hae ; tis * * e Co Ola ee atte » eee: 

be rn emma eine hii aero 
ah i ae ee e a fe oe ee ve si) & = ee Ruption inst bolt lanxsgat’ 

t ye 4x 2 a et an my: 4 rane Pend, wal? 

<h ee ae ee Emot SeA0b 6009 fagivomu Saad st 



MODEL EVALUATION TESTS . . 2. 2. «. «© «© we we ww ww 
4.1 Computer Simulation of Vicksburg Tidal Flume... 
4.2 Comparison with Analytical Results .......-. 
4.3 Dominant Time Scales for Wind-Driven Currents 

eee eoee 

in a Shallow Sea e eee e © © ee © © © ee ee e © © © © e@ 8 © @ 

4.4 Effect of Bottom Boundary Condition on Wind-Driven Currents 
Um & Seller Seeing 6 69656 650067006 G oS 0 6 660 6 O 

4.5 Comparison of Vertically-Integrated Model Versus 
Three-Dimensional Model. . . « « « « © « «© © © © © © ow ow 

DYNAMIC SIMULATION OF COASTAL CURRENTS WITHIN THE 
MISSISSIPPI SOUND AND ADJACENT CONTINENTAL SHELF . 

H UC GURFENES 6 6 6 oOo oO OOOO 00 OOOO 
2 Wind-Driven Currents . . « « « « « «© © «© © © © © ec 

-3 Density-Driven Currents. . . . . « «© «© © © © © © « 
4 Return Currents in Bottom Waters .... «ec. 

TRANSPORT, ENTRAINMENT AND DEPOSITION OF COHESIVE SEDIMENTS 
Transport Modes of Cohesive Sediments. ...... 
Particle Size Distribution . .......e. 
Cohesion of Sediments. . . « « « « « « © © « 
Turbulence and Collision/Coagulation Process 
Settling Speed of Sediment ......... 
Entrainment of Cohesive Sediments. .... 
Bottom Boundary Layer Dynamics ...... 
Laboratory Study on Sediment Entrainment 
Deposition of Sediments. . .....«e-. DANAAAADAAVAA 

e 

WOONADNHWNH 

SIMULATION OF SEDIMENT DISPERSION 
WITHIN THE MISSISSIPPI SOUND . . . 2... 2 e « @ 

7.1 Mathematical Model . .......se.e-ee-e 0 
7.2 Sediment Dispersion Due to Tidal Currents. ... 
7.3 Sediment Dispersion Due to Wind-Driven Currents. . 
7.4 Wave Effect on Sediment Dispersion. ...... 
7.5 Deposition, Entrainment, and Transport of Sediments during 

9/02/80 toy 9/O8/S0N.) <) fe) ciien ol ooo fe) elle) ol ol oe 
7.6 Deposition, Entrainment, and Transport of Sediment 

9/20/80) tor 9/25/80. we) etic) ele eo ol oo 
Vol SIMTAIRYS 656600000000600650000000 

CONCLUSIONS AND RECOMMENDATIONS. . . ~~. 2. 2 2 © @ 

REFERENCES SUlen Cth ottal tee te) fo fool ot oh eM oiet (oh ef tol ells 

APPENDIX A. Vertical Stretching of the Coordinates - - 
APPENDIX B. Lateral Stretching of the Coordinates. . . 
APPENDIX C. Equation of State. ..... 56.006 
APPENDIX D. Hydraulic Applications of a Second- Order Closure 

during 

4.6 Tidal Response in the Mississippi Sound-Idealized Basin. . . 
4.7 Wind-Driven Response in the Mississippi Sound-Idealized Basin. 

Model 
of Turbulent Transport. .... fe MeN ocelot Veto: icv ie) verte 

APPENDIX E. Advective Schemes. ..... 6 

iv 

APPENDIX F. Modeling Coastal Currents & Sediment Transport hah eva 

51 
51 
51 

56 

60 

63 
63 
68 

72 
72 

107 
115 
117 

125 
125 
125 
127 
128 
133 
137 
138 
144 
161 

168 
168 
174 
182 
186 

198 

205 
209 

210 

212 

221 
225 
229 

233 
251 
265 



& 

att 6a bext fev 

eek ee . Hh 
«4 © @ a’ Ble emul PtaeeT 

-_* © © 2 & @ won ® 

Prhnenn 
oie rm ‘ fe ' 

tina av Ftcba a) iid oe 

Sra gunna fabow bassioadnl- rid 
a ene ssi fash -orwoe PENN 

bauoe ragteaten|m any ft 

a | aay WLNTEW ZtMIASUD JATZAGD Fe NO 
le ele + wow we ASIN JATHAMETHOD THIQALGA 0 i 

ce tepiele ect ts osa nda 
oe a» * es 8 ie ea A eo oe seiner ov i wWiays te 

hth Ain etal pote by Lobnagi noage8 a? sno at Vain 

’ THING. WI23H09 MOLT 20930 GMA THIMALARTNR , 7 
eke ee ewe ak ee & wteigotbad eF lasted ‘Yo. waboM ne 
* * # * “ ae . * # 5 * oa «on . nobawatrdabd esi? cote " i , 

isle Gu bh 8 Oe ele Ge we hoe pe,, See le, ce remenee a 
wie Wie wie. sa we RESORT nof sé fuga note? fod bas aonwtudeh? et ia 
‘* Pe ee ee hae 4, ss heed Josmi had to: Beege gat iizac: z 

bebe be ew ee so go .RnOMtbEs oy isola? Fe snematening pd 
ch he eae we ow ae ee « BARMAN YONR! rshmOn motion F 
Se che mer ee eee Jagme tor tnd demibe2 po yRugwietengdes | 7 
Ve Ee ee wee hee =| «CARRE I MORES RED ‘a 

‘woleasiata Wa ieg. ca ITALIMIG 
aad ee ae i ee ee i a Se ek ee ¥ aWone T99eezeaIM  MEMTIR 

‘ «¢ © + & % * *& & & * ee #8 . feat feohgomangeH | iP 

aig Ne, ww Cee. whe edie) tab! oy ‘oul ‘apbaracent Setemtbe? | ie i 
its Ve ane. Heike aea od Hav v- bath, OF oO micrayeld toanthad. EA, 
ee eke eee on o 4 MOT TIAIT InamiDOe No POFPT aveW ON): 
aN be rub esadmibs2 3 JroqensrT bas: on at dt anged, m3 

: * ih Rr te me tae ee , a ae en oe ae eee 

. “ patyub snenited Yo troqansit bie edition tarde? gortbaqged ‘Os, ae 
ee a ee ee co We tee be in oy 6 CRNRSNR ES DOLOS\E) a 

PO a PO ee Oe Ti ahs 

i ae ae or AUT TAMHSIMODIA OHA, 2HOL2UIIADD ' 
a 

gwen As beh a 

a WN! its aeden three) 98d Fa. pabiadonse faatgrewy ° A. tb hol iy Adige 
Par ot ae aseshaipiaiacr an? to patitsdeis? fiefs) 8 X1ONSIFA 
Se ek viguil ce Ss one ae RS Pes re ibaa Q ot A1G4 
Fobuth-syu20td vebx0- bnoasd #76 enoktentiqgh ativan 0 HiGHIR4A 
th ee ae ae ORR soetudwe To” , é ” 

gale ns ‘, " indnat § Snsnit bse ‘8 “ehnanrw3, nia Leenenet ot RIOR 

ate ‘an f yay A , oe, Veer a 

ee ie ? ‘ Fi ara te ea ee aT is oe wt 
ie) : q ; iY , f ¥ B | 

he 1 } i rae Shah aay ¢ 

Trlr aswnibayabik bebe <2 xtoN3aNA wet iN 



Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

1.1 

1.2 

1.3 

1.4 

2.1 

2.2 

4.6 

LIST OF FIGURES 

Schematics of dynamic interactions among various 
components of the coastal ecosystem. . . . . « « « «ee wee 

Mississippi Sound and adjacent coastal areas of the 
CMI OF WEMeEO G56 Bb ioto 6 Oo Oo G6 GO O OO DOO OO O65 

Sedimentary map of the Mississippi Sound and adjacent 
COASA CAFS oo oo DDO OOOO OOOO OOOO DOO 

(a) Schematics of a comprehensive sediment transport 
modell 2 .Sea th. Car aGs Aen. oolea dra yalokonemehie «1s 

(b) Detailed schematics for defining deposition and 
entrainment of sediments. . 2... ......s.«-+ see o 

Vertical stretching of the coordinates . ......-e-+«-e«e 

Lateral stretching of the coordinates. . .....«-+-e-e«e 

SEAQvaraa (WMMarIGA @PUGlso oo 6G Oooo Oooo oOo oOo oO 

(a) Empirical stability functions of vertical 
turbulent eddy coefficients . . . 2. . « « « © « « «= «© « e 

(b) Stability functions determined from a second-order 
closure model of turbulent transport. .......e.ee-. 

Flow chart of the hydrodynamic model .......24+.2+e.26-s 

Computer simulation of the Vicksburg Tidal Flume ....... 

Vertically-integrated velocities at an instant when z (L,L)=0 
and cz (0,0)=max in an open bight driven by tidal waves along 
the open boundaries: (a) analytical results, (b) model results 

Surface displacements corresponding to conditions in 

PiGMRe O64 6G ov odo 'o6 606 0006000060606 56 

Comparison between numerically- and analytically-computed 
dominant time scales of wind-driven currents in a square 
enclosed basin with varyingB. . « »« « » « «© «© © ew ew ww we ow 

Surface elevation and near-bottom velocity at selected points 
in a constant slope enclosed basin driven by uniform wind 
stress. Comparison among three numerical models ....... 

Vertical profile of horizontal velocities at a point. 
Steady-state results computed by the three-dimensional 
model with two different boundary conditions .......s.. 

Steady-state velocity field in the enclosed basin. 
REsSulitsmfiGoms thneewmodell|Sen rs) ven eels) veliteli to) lolliel (ol lel el sl oll oles 

Page 

55 

55 

59 

61 

62 

64 



‘auoteey enone: 
’'o * Gadi healatianti ht 

eh Sige 10 | 
X 7” 4 

Oe ee ee ee oe ee ee lel! =} 

: Hogan i 
ind r nant ba al 

ie ake ot ee 

3% 

ee ee a ‘ Gey y! * bine: "sagan rene 

7 That iven Yo ep nol sane ast ite ae Tae itv. ays 
* (ew eh eww bint s r * + ‘a #54 aat aly hana: he) ie ‘treat we oN vm 

+ Sh. bhuIee 6 mor? bonhthedeb zap heat MAE titae 
Sh ee: Oe eA me ae 9 ay DERE Ts anata od RG, tab vn: Bia Of: 

7 f an ™ } ty | 
sh ab We ye eee ok FORD atasniborbyt it) Ve ei Pi ‘ 

ae ae PI Oe ee CORP RE 9 1 wot s8T aa) ‘ag te i ath ta 

“) itd) 54 lnedeoh mete Saget Pav badargaza rauttno tira” ere 
Orel 4s Yavaw Tanks. wy ied hi Sng td Word Aa at suan 0.9) )5 diel y 

ee: PiMeS? Pabom (OP ee iaery 1s ots thera, (4) peered ai rage iy 

otithaer oF sébodgaant62 edmasint garb: aay ‘6 t Sau 
oi Pld plkiew wore eT ce eae ae ee ey ee Fy sight. Ay) 

yey be tun Vi feoteyl aad tee -4l4gahadet By onoawy meer 
mip One iH A ar Sirs isoo ney bbe Fe celeoe amis tase 
mes ee Pe ea . + « ROPE a tw abasd: bao tone 

a om infog bosaoida Is NItSotaw ma iedwidde bas HOTHAeaTD ADH TUE. 
ae oF NVOT ROY Ko HAVE Pend Deget Ie eo ole FORTE AR, 

ro Se ’ ; of ation hes iN A) Vian noek snd Dhabi 

ait ae : & + 2 Pho tee Faaoast tod t0 atelier fe sina 1 

Ad isdaten fia F hegre ihe nel eyhiy FONG Pl ys Faeuybe or, | 

ve 5a A ke oy be ay SPH ; ae bund! sure VN ‘owe #3 IW fea 

nteod Spaotgns add nt Distt vitae oY Stnte-ubanad: 
Se ee a eM Re Ok ay ek Ak eal HTH MOY BIT 

4 if at 0 ; Ui j 

Py tiers . 

ssor8 fwreso> insane bow ia ee 

F wate Ch or ee ay ee ee 

og ree Se iy dns h NORE EOGEe gn 
orem) Ri et 

a a ee nay 7 ve + tanemtbes hie ramet este ni 

“s tadantbyoa att ts @ 

2ne a 
Totes ao? 

ea Omiae 

reraatean ont, Bet uo 
: ee eee we 

* : cee 
Fasten ior } dot stnedse ‘pera’ | wr r 

aoa te Hata 

agentrooa 



Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

@. 8s 

ANGne 

4.10- 

4.11- 

4.12- 

5.4 - 

5.5 - 

5.7 - 

5.8 - 

Surface elevation and bottom shear stress in the 

enclosed basin. -Results from three models ........e.oe 

Simplified geometry and topography for the Mississippi 
Sound and adjacent coastal waters. . . . « « « «© «© «© © © @ © 

Tidal currents and bottom shear stress within the 
Mississippi Sound and nearby waters after a four day 
simulation: (a) vertically-integrated velocities, 
(b) velocities at o=-0.1, (c) velocities at o=-0.9, 
eine ((@)) Ibo SHEEP SUP@SS6 6c co 6 oo OOOOH OO 

Horizontal velocities near the bottom ( =-0.9) as a 
function of time for three locations . . .....-. cece 

Horizontal velocities near the bottom ( =-0.9) as a 
function of time for three locations. Wind-driven currents 
CME Oy SOURMARIV-HMGl 6G oo ao 6 dodo oO oO oOo aa o oO OSG 

Wind-driven currents and bottom shear stress due to 
4 WESUORIY WMG oo Fb OO COO OOOO KOKO OOOO OOOO 

Lateral numerical grid used for dynamic simulation of 
coastal currents within the Mississippi coastal waters .... 

Bottom topography of the Mississippi coastal waters. ..... 

Lateral numerical grid used in the tidal simulation of 
GMmeire GQUIF OF WERIEQs co oo ooo OOOO OOD OOOO 

Transient variation of surface displacements at four stations 
within the Mississippi Sound from 9/20/80 to 9/25/80 ..... 

Surface displacement contours within the Mississippi coastal 
waters cat) OF nist 9/23/80 0S cies ver osu eon or ha eien ef en tetven ee ote 

Transient variation of mid-depth velocities at two stations 

within the Mississippi Sound from 9/20/80 to 9/25/80 ..... 

Horizontal velocity field at 0 hr, 9/23/80: 
(a) elimidep thie. (by) 1Ommidept hemi cereurontcuuc si tcicunclncnvcmicucnne 

Velocity field within a transect across the Mobile Bay 
Entrancenat thie. S/i2S/SU ste) vc) tae tel vel chiro) elnetirontet Voteterel vehi es 

Vertical turbulent eddy viscosity field within a transect 

across the Horn Island Pass at O hr, 9/23/80 ........-. 

Transient variation of surface displacements at four stations 
Tron O/IZII0 %O O/OLWWs Goo 6 oD 6b GOGO OOD OOOO 

Surface displacement contours within the Mississippi coastal 
VELERS Ge OW lis O/IOKEWs 566 510 6 6006 60 0 0 0 0 Ob oO Oe 

Transient variation of mid-depth velocity at two stations 
FROM 6/2/80) COn 6/80. somes ol nelretcdiel relatcn iouneiouncn oueeiioiroins 

vi 

64 

65 

67 

69 

71 

71 

73 

74 

75 

77 

78 

80 

81 

82 

83 

85 

87 

88 



M * SAGE : 
"7 eee é oi agit 

oe ips ath iat ied ‘lu “ ‘jhe a ah aia ok BS } f hiss, 

Pe) ag ae Te f= modtod od, hen gatitsoter fate 
ee ey enor eat, sends ts om a 

on. 6 25 {€.0-—) morsdod add seh anes 
| | Rinerwa neviab-bit .2nottesot @aity tot 

4 t i 
ee ee ee 

%e nat eadigsts a haiivigh 707 aan inte OY Vowns 
eee araleW fatesoo, Faghaetaety ‘ead atthe sana VID el 

i ftenos rail teen Ed ta ‘uldsigosad’ wortee 

. te notre tunis (abt) oar nf ‘baze bree TesPeemui repses 2 
Cn ne ne wg 9g AAT NO Tye 

; ‘anot sage “wor 36 senonarktquty saataue Ye. nohyetraw ieee 
vie eee DBYVGRYE OF OBXORYS mon? bauag tagkaatectn wit? WRT, 

a ae. feteno> lagizetestN ant aidtiw avuognea inomacaliagatd ponte + 8a 
“VBS > oe , a a ore ea * 2 80 8 ene OBES va ase 

x ehottas2 ows 24 euldtce fav idqat=thm ty wd Patty Inatddbat «8, 
98 ~ bo,» GBLESKE gr OG\OS\E mort biog al ety NFA Ne, ie 

io a (OB\ES\e yt OM bit? ef boofsy tesa t4OH «Re 
fg tere a ke ee tg oa! often BE 1) iMtans mf i.) oe ve 

aes yeh oT tao ony 20798 s29enet 6 abitatw pratt yatoulav « # 
FE NH epic LIN om, Roh NN Ot sOBNESNE WO th soetind 

. s ; (agenart & vidttu hist? “yalaooety ‘hbs sealed! reir e om 
nc eee Rite. wile OB\ES\S W035 duet Dnater. cage ony e101 

gow snse TWsot Je etisnanalqath gaara YO HOTIRENGR Saakanant: sibi 
Di rhe . «a ar . « * ¢ 4 wie 4 a LTE * i. ~ ra “al GBLGI\S or OBY SLAB meee fe 

aa a | fetesao’ ‘agteeizeit at nd ds tw shwarnon. inomeantag ty pourra adit a 
: 5 8 eee cee tn ee tae « , ee eM ee a oe ote “DB\AI\8 vee y HH: 19) i rae 

PE eke enot iste, pws $6 woe. AIqed- ain ‘to wabeniaia dootensit phy 
j ee i i Aig a) ae eat hor a ee ee tee Oe es oe Pt he? oF bain = Tae 



Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

5.13- 

5.14- 

5.15- 

5.16- 

5.17- 

5.18- 

5.19- 

5.20- 

5.21- 

5.22- 

5.23- 

5.24- 

5.25- 

5.26- 

5.2/7- 

5.28- 

5.29- 

Horizontal velocity field at 1 m depth at O hr, 6/16/80... 

Bottom stress field at 0 hr, 6/16/80 .......22.c.+464-. 

Velocity field within a transect across the Mobile Bay 
[EGmeramee ae @ for, O/OWs 6 6566 6 oo oOo OOo oO 

Vertical turbulent eddy viscosity within a transect across 
the Horn Island Pass at O hr, 6/16/80. . ......-...-. 

Transient variation of surface displacement at four stations 
TOM Q/OYA3O tO DMS) Goo oD oO OOo OOOO OOOO 

Surface displacement contours within the 
waters throughout a complete 

(a) 
(b) 78 hours; . 
(c) 84 hours; . 
(d) 90 hours; . 
(e) 96 hours. . 

Near-surface and 

72 hours after 6/12/80; 

near-bottom 

tidal cycle 
Mississippi 

horizontal velocity 
ae 7/2 [OMS Ghieere O/NZ/6 6 66 6 ooo OOO 

Same as Figure 5.19 except at 78 hours ..... 

Same as Figure 5.19 except at 84 hours ..... 

Same as Figure 5.19 except at 90 hours ..... 

Same as Figure 5.19 except at 96 hours ...... 

Velocity field within a transect across the Mobile 
Entrance throughout a complete 
(a) 72 hours; . 
(b) 78 hours; . 
(c) 84 hours; . 
(d) 90 hours; . 
(e) 96 hours. . 

Residual currents during 
OC WWI oo00006000 

(a) 
(b) 

the 

Near-surface currents;. 

Near-bottom currents. . 

Influence of wind on surface 

complete tidal cycle 

tidal 

e 

e 

e 

e 

e 

Q@VGIG 6 566 6 

coastal 

displacements at two stations 
from.9/20/80"toy9/24/805 Sus cls os samen 6 we ene es ee 

Influence of wind on mid-depth horizontal velocities at 
two stations from 9/20/80 to 9/24/80 ...........-. 

Near-surface and near-bottom horizontal velocities within 
the Mississippi coastal waters due to a southeasterly 
Windastress (Ofel dyne/cnt sc vce. te Soke ane Pee Ree 

Same as Figure 5.28 except due to a westerly wind. .... 

vii 

ee e ee @ 

89 

89 

100 

101 

103 
103 
103 
104 
104 
105 

106 
106 
106 

108 

109 

110 

112 



= eases 

e282 

es 3 

a 

= 

a. 

$5.8 

— 

Cr Ce eT 

SRE Ee CREAT. 

Peas 

Dee OL ARCA ROM ate etd + PBNARIE ad ani 

; a s * ie haus, ww *, * ath he ’ 2M Pr yDY EWG eaonee ; ia hae 

SVN alae bint ylang e ot sub aa38 ae WS s8, 

FN Ree mee yaw a 

mie oe wl wae Les ahi 

; | ea si tdoM end, 

| denne Shaadi: oid 

| tedenor tqgteereatt oft ntidtd enaenes 
eh . ee eee eo oat ay Tinka azn 

a 7 ae ’ 2 ee i, SR ed we i, 
40 © 8.8% © ee we  * ye 

ae UNDEAD RG Calc ewan (| LA ed rs 
4 4 8 wm ee me we ee ee te < 

pa OW kk ee wg, Oe ewe . 

Ny 8 O42e Oh he * an ey ¥ @ ‘ o & 

+) eee ek ed we we es ily 

t 2.9 4 

x8 oftdant add #eor3s doecons, é ioe st rea “a 
aia febty ‘ave! WINDNTAD ; =e ee ee re ara 

. 
‘2 2 = a * #4 . ‘a * @# a4 4 # 

eh A ‘.* Cr et ae Ku 

8) 810 a O16 ve we be 4 Ne 

bas re «* a ee a ee ‘ 

ek oe + .% 88 * it eo) he Re la 

ahaga TAyry sarin aie! shied eam Togo * 
Te ee ee cee ee ee er 

Hid er} ee ok ew a as, a HE yids (a) 
er ec eae ne rn a ics cighctlemmishl 

enolate Ow? 16 Yommafaet abe aue NG me bind” 16 as 

th aarpl aotey fefnaxbiat dash he ing bate to ‘ heuttnl 
ae are ea ae QE NS\E 0 OO\US\e" et anotiene alt 

“qhivie eoFstzoley Taddastrad mastodersan Ron aselwvel awl ABhull 
 erazzeadtueg # a oud Rei tins tygraetaain 9 4 te 



Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

5.30- 

5.31- 

5.32- 

5.33- 

5.34- 

5.35- 

5.36- 

5.37- 

6.1 - 

6.2 - 

6.3 - 

6.4 - 

6.5 - 

6.6 - 

Surf 

wate 

Bott 

wate 

Same 

boun 

Stea 

grad 
land 

The 

and 
0.2 

(a) 
(b) 

The 
100 
0.5 

(a) 
(b) 

Domi 

sedi 

Part 

cohe 

Same 

and 

(a) 

(b) 

Fric 
boun 

Vert 

(a) 
(b) 
(c) 

ace displacement contours within the Mississippi coastal 
PS CMe WO G MASuGRIM THis ob o Go ooo OOOO 

om stress field within the Mississippi coastal 
PS GWG VO EG MASrARIM IHWC 646 565656656056 5656505 6500 

as Figure 5.29 except with a different lateral 
dary condition along the east open boundary. ....... 

dy-state currents driven by a fixed salinity 
jent at the ocean boundary and fixed river flow at the 
DOMMES o oO OOO OOOO OOOO OOOO OOOO OO 

Measured surface salinity field on 9/02/80 and 
CVS (BO GtiGe auowor Ouowoucr Oop Gis cu_ch Gow on Oi Gn ch ONO Mone 
Measured surface salinity field on 9/08/80 and 9/09/80. . 
Measured surface temperature field on 9/02/80 and 9/03/80 
Measured surface temperature field on 9/08/80 and 9/09/80 

driven currents in an open channel. . ....«-e-e-eeee 
Vertical profile of horizontal velocities ......e... 
Vertical profiles of vertical turbulent velocity 

vertical eddy viscosity 

formation and deepening of thermocline in a 20 m deep 
100 km wide basin with an applied wind stress of 9 
dyne/cm© and a surface heating rate of 0.01 cal/cm“-sec. . 
VEUOOrPAcUIPe PROFUUIG oo oo OO OOOO OOOO OO 
Veloce? ProvilliG@o-o olo%o-o G6 010 Go o'o 50 50 5b oO 

formation and deepening of thermocline in a 20 m deep and 
km wide, basin with an applied wind stress of 
dyne/cm™ and a surface heating rate of 0.01 cal/cme -sec. . 

UGIPAPALURS PROWIUG@ 6 oo OOO OOOO OOO OOOO OO 
WEIOETEY PROFIIG@s o 6 0 6 oo oO OO Oo 6 oD oO 0 Oo OG 6 

nant mechanisms affecting the dispersion of 
ments within a coastal environment .....«+.-e+.+s-e«4o-s 

icle size (settling velocity) distribution of 
sive sediments in fresh and salt water . . . 2... eee. 

as Figure 6.2 except for sediments from (a) Site-2; 
(b) Site-4. See Figure 1.3 for location of sites. .... 

Settling velocity of Site-1 sediments determined from 
settling cylinder measurements and grain size analysis. . 
Same as (a) except for Site-4 sediments .......2-e- 

tion factors under a purely oscillatory turbulent 
dary layer (from Riedel, et al., 1972) ...... atiebwauits 

ical profile of: 
MEANAVENOCIILV joalodbohuch tod ven ohie) Mokiol keine imeMchnch chvcutol chic clits 
twice the turbulent kinetic energy, and ......-+se-e 
Reynolds stress within a combined current-wave bottom 
boundary layer. z,=0.2 cm, u =10.21 cm/sec, 

0 100 

viii 

113 

114 

116 

118 
118 
119 
119 

121 
121 

121 

122 
122 
122 

123 
123 
123 

126 

126 

134 

136 
136 

140 

143 
143 



‘toaal: saath | a Gee ; 
> oH “ 2 * 4 * es « 2 CIAD GHD, Aggo, 3289. ond ' : 

ie: ‘stot tne batt we yd mab: Foe) ine 
en - a2 96. wort a9vis text) bas. yreboued aasa0 att de 
otf ay ate Oh Nee SCS heh ee hee a ham: 

4 | ‘bas, Ga\sn\e 0 ‘phany ystig tee saaiua | 
- a ee s = *. & 8 hein wae ony : 

3 { es 5 sBNGO\E bas 09\80\e Ao ‘bfolt iinttea gn F908: ieee 
} a  OB\EO\S das OB\SO\E no SF4)) sautevegaiedy ona Tyud Detusden 

: / / a - Gayen\e be relate no bfert STU Te eqmOy orechli benuzett | 

i ae Tee alah yee e/a} clonal: ao. ae. dik’ ataaeisaae way Ie ‘onl i 
o et eee oe 2staiantoy (édnost oF yo afttorw favtirey i 5 J 

at ae cicaten anofudyug Tsotinay to. 2ativorg faotinay (a 
en. dladbaly yabe! Meal Mav, On, 
oe er" ae 
Ad vd oo AD OS 6 at ant Toomer, to entneqasd bine aot temo? att <td 

i. fen : «Yo Raerte balw botiggs 6 Altm wtaed rig Bat ‘pot i ha 
At , =d0e-*wa\fia 10.0 Yo vda3 gnttoed e7etowe o dK6 A i 

a“ sor _ 4.0 @ © ist oe © ©) & © @ a » 2 6 stttorw rier c : 

| SSL, ee SUEELST SULT D2 Osea ata 
Se OF ¥ 

bons geod m OS 6 nf eal looms Yo gntnaqesh bing not Feat wT 
to e2ats7 batw bellqqs ne ashy Ateed_onhe me COOL 

. est ' -aaae-Smo\ fan [0.0 to ste Bhd ‘eratrne 6 dae Fa \angd 0 
£$t oe ee ee ee ee + Eien ne a 
es aoa 4 . * . * * bd * 7 + “ * * « ° a * . | PA YP Otay 5 

a 75 nohaveqets at ont stir ang} het oom reat t 
ast er ee ee A hada60% 6 BInGee ztoomtbse 

a to nottedbyzeth. (isorow eallnte2) sate @iotrnd) - 88 gay 
ass iP ee Cer es) ates baw Maeyy At einen bad svt roron Pr we 

jh-ari2 (6) mov} erentioe yo? foooxs Sue ere? eh aie 
ped + sian e gaatte Tornol Mag! Sot Ef omQtT sae shewty fay bag” 

| ‘all mea v? bunimressh 3 2 innit ba ing ft? VO eat avtes ected {n} - 6.2 a90 
i} 3 ae etlaytonk axle ative bad Binemawasom shar iyo parisien’: 

ORL ola ee wk tas Bato Pee Paatte tO. Sys9Ke te) te wee {#), ~ 

ere Nay Ae ins fudqu? rode (tata Rica Ue 8 abn sindaet erie va « 80 gigi? 
ORF a ow a oe ee oe ae | ‘_ ¢ ‘Shel aels 1% oan mot) vat YSbiUEd Were oon 

at i . . i Phe ‘afro este 1 os fee a 
* Asa ' AT) PT RE ' i a ee Pair a * * # ie natd hoa ton. Ager” a} 7 iy } 

RS ea ae Se, ay INE Gg AOE, siaunta lenias: mie Hated <4 
CUS RAC SV OW nario bantdeos @ atdtiw gangs gb lonysa | | 
a a dea an 7. te , oe ie $; Orgs i a Ce 

i . " . 



Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

6.7 - 

6.8 - 

6.9 - 

6.10- 

6.11- 

6.12- 

6.13- 

6.16- 

7.1 - 

7.2 - 

7.3 - 

7.4 - 

u=6.09 cm/sec, and Ty=13.79 SCCLU\s cet voimel Letuetkeimenceiusunenne 

(a) Rotating laboratory flume for deposition-entrainment 
SEUCHGS ON SGCNMMAMESs o oD Doc oO OOOO OOOO OO 

(b) Bottom shear stress within the flume as a function of the 
rotational speed of the rotating lid. .........e-. 

(a) Typical time history of suspended sediment concentration 

143 

146 

146 

within the flume. Sediments from Site 1 of the Mississippi Sound a 
1 and with 1 day settling... ..... 2-2... « 

(b) Same as (a) except for shale-based sediments. ...... 150 

(a) Equilibrium concentration ) of suspended 
sediments as a function of coe shear stress (tp) 
UMAEGESH) Waters. «4. ici (oe odssnctaes soceh isl save) Saueu sibset eu coy de, ae 152 

(5) eS amewasia((a) mexceptimin) Salituwaten sneer Amen nein ec) ecu 152 

(a) Time history of suspended sediment concentration for 
Site-1 sediments in fresh water with 3 day settling... 154 

(b) Same as (a), except with 5 day settling. ........ 154 

(a) Time history of suspended sediment concentration for 
Site 3 sediments in salt water with 3 day settling. ... 155 

(b) Same as (a), except with 10 day settling. .......-. 155 

Equilibrium concentration of suspended sediments as a 
function of settling time in fresh and salt water. ...... 158 

Time history of suspended sediment concentration for 
Site 1 sediments in salt water with 3 day settling...... 158 

Equilibrium concentration of suspended sediments as 
a) fUNGLIONT OfsSalliniitys (Swe ot. oy ov ot st Wt ot ot at Ook oh ct lie? at 160 

Hydrodynamic resistance to deposition as a function 
of stability for three values of bottom roughness and 
RefieRence hejiightons <i0.¢ wed, 13h A ttey TAG. Te WE ss, as 163 

Comparison of a deposition velocity model with data: ..... 166 
(a)k iWaneranditS tukell sr daitiach%330., te, RO Pg cs Ss 166 
(B) PMS ShmeNMSHatiay ce cm Se oe ck ce aE MH ct oh Bret oh at SB oh ohhiePne 166 

Rate of entrainment of cohesive sediments in fresh water 
Versus bottom sheal; StreSsr <p ce of ch ch fh of ch iol cl ol cho (oh ot ret ote 171 

Rate of entrainment of cohesive sediments in salt water 
Versus boGtom shedr iStreSSe of stro oo ct ch chireh ict of cok ol chon oth ete 172 
(a) Site 3 sediments with 1 day settling. ......+-2+-ee-e 172 
((b) Me Siite: Wsediments) withes: daya sett Ihingeeteme eters os. ee) eo 2 

(a) Rate of entrainment as a function of settling time 
inMfireshiandtsalthwater ~ULOs RUE TORe BONE, 2). cs 3 6 173 

(b) Rate of entrainment as a function of salinity ...... 173 

Suspended sediment concentration at the end of one complete 
tidal cycle on 9/04/80. No settling; Zero net flux at bottom. 
(a) Near-surface cencentration. ... : 175 

ix 



spss ea , 07 
ca or. @ : y as bile 
ery to nOrsonU om 20 gouty” 
Be Had 

. i" ane not zerdnasnoy purer bol ae 
ie mee! taqtecteaty a? to atte 
ae eae ee 6 tien! « Bott: 

Pe: ‘eeu jas -.nbail bog os 9 

:  bebnngzud to’ bn | 
2 y ieoita, rood2, mo? rou ) tH a6” : 
es Meee ate <1 3hW Maat 

tle we ee ie a eNO ATR: mt ‘tga, AG), 38 atin 

ee 40} hear saat: inemtbae bebin que to. soot tit at fi 
f pnt tiioe: yb £ adtw verew Heeat Wt ethonries: Sh aa 
<0 ke ye + BNETIIAR, web a aah Aneta As) 26 somee. ( Riad 

, aot mbrersnoanay snami bee pobmaqaue Yo ode, ‘one mets 
a ey OEE S9a yeh E date vedew Sfoe nt ednomtier £ s3te 
eee Gc yen oY watW 4qooK9 oh) as ouibe ” f 

A 

hess 

ae sinsmibye babnoqeur. Yo oH whitiaanos mitra tho 
oe a v9 9 Vea o STs one. neat at om WOT Tee, 1” snrerer 

Fs * ne he oe “90 noiversiiaonda donee bebdeaaud’ by Wrodarn ‘batt : 
0 ek ee aditehida yab' = aa Tet ew Wee ue ‘eaeent ber f one : 

at So ee 28 eipontbea babneyaua te Wate gesones: smathutithugit! 0 J 
th bef . ; * ») * » - “ * ee ee * * * hake ey ¥ s ? > Matar NO, mor tonu? ee 

ao hon? oes ee ey of ponndetent. dinnorbt oe 
ine eaemmiguey mod 3c) to touley headin nav vat fhdate Yo. 

car ci ie rae * - Te oe ee eae ey a ay ie ie sigted MINT ten ft oa 

oat | 7 a i rbiab: aS iit 4 rae aot st 2uqu ‘ Ay neetraqinod weak, 

sol : cee Ow 8 ak Kite we Oe Wey lp i (hten a Pause hen oned |, (se): eS Ua 

i} ae ih ee ee ie ee fn is ete Leo Mes pi a * a) Ry 2 Fannie Ae) Kart i 

mes 1) aye Hawn At advemttonie ve iain: ty srbnin base ‘to aaah = 
Cy 4) Oe, ee ee ee Ae a OL eee Beet er ee ee AONIIE, yaoi | mor rod, bo All Br eae 

ae Ce wen Hak nt ainomt ped ainkaades 15 inst ange ta ads 
aN - 3 ae Weim ks FeD Ue ni 0 sd Ne AL AS Coe tae) as ee wordnd a 
mR A. om ea cask aK ye Y anh Kioes cob Eady ednaatbad f ete 

; ays & J TENA iahy Ayre) whe yet iasae yeh A ta hw einen) bee, t gfe. la 

. ibd ont lagna ‘to nob donuy ¢ 4 Jooantargag a, af moe ar wes 

a , , ae + rot Re * Ye ee ye wa [oe fe, | 4° vid Bile ‘tae ‘iene. Mawr? eat i suk ie 

iF vy io ha ty REDON BR ta orion? B 2m Soest and id Lae {4} Oe 

Bde Eyes anna ho) thane rie t% notsertoanngs: trdge doe ‘bab abmaqavd 
cmattod 24 sul¥) dan aia JQNN TRIE bi OG\RAVE: ny Nine ‘okt 

Tee RIP lel eto ow ee Mire “year renniiosingg cap hail (6 



Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

7.13- 

7.14- 

7.15- 

7.16- 

7.17- 

7.18- 

7.19- 

7.20- 

(b) Near-bottom concentration. ..........4..... 

Same as Figure 7.4 except that w.=-0.05 cm/sec ...... 

Suspended sediment-concentration within an east-west 
transect at the end of the tidal cycle for w.=-0.05 cm/sec 

Near-bottom suspended sediment concentration at the end 
of the tidal cycle. w.=-0.05 cm/sec; 
Deposition and entrainment but no entrainment for the old 
SQNIMEMESo 5 oo oo OOOO OKO HOODOO OOOO OO 

Net thickness of deposited sediments at the end of the 
tidal cycle corresponding to 7.7 . ....«-«e «ee ececee 

Tidally-induced bottom shear stress at three locations 
iM hie SCUME oo Clo CO OO BO OOOO OOO OOOO OG 

Near-surface concentration at the end of the tidal cycle. 
Wo=-0.05 cm/sec; Deposition and entrainment for all sediments 

Net thickness of deposited sediments at the end of the 
tidal cycle corresponding to 7.10. .......«.«-eee-e 

(a) Suspended sediment concentration at 0.5 m depth at 
the end of 1 day simulation. Westerly wind; 
No settling; Zero net flux at bottom.........-. 

(b) Same as (a) except that W.=-0.05 cm/sec; Deposition and 

e 

entrainment but no entrainment for the old sediments. .. 

(c) Net thickness of deposited sediments at the end of 1 day 
simulation corresponding to (b) . ....-..-«e-e-2-e-e 

(d) Same as (b) except that deposition and entrainment 
allowed for all sediments . ....-.-s-e-eee Raha Res 

(e) Net thickness of deposited sediments at the end of 1 day 
simulation corresponding to (d) .......s«+s-seeeee 

Location of stations included in studying the wave 
cliimatevof the Sounds... «<p cle ye cl el te cele leniee, ve 

Stick diagram of wind velocities in the Sound during 
WAWiS0 WO VY 5s ose ooo nD Oo oD OOOO OOOO 

Computed wave height at three stations during 9/20/80 
CO VWI oc oD OO oO OOOO OOOO OOO DDO OO 

Computed wave period at three stations during 9/20/80 

OnE IS Giwo lo ow) 6) bnomo40Nd 6 bso ob 0000000 

Bottom orbital speed at three stations during 9/20/80 
Oo. WAY. 50 6 45 6 6 oO oO oO 6 OOO 00000000 

Wave-induced bottom stress at three stations during 

9/20/80¥ tor 9/25 /80Rs SP ee css ote cetera Gee ee Sristee ne 

Tide-induced bottom stress at three stations during 

9/20/80" tor S/25/80Rs on et scr et etek at cote ee ke eae 

Tide- and Wind-induced bottom stress at three stations 

Cline, VA to SWAY E, 6 6565060000600 0 amo 6 

175 

176 

177 

179 

179 

180 

181 

181 

183 

183 

184 

184 

185 

187 

187 

188 

189 

191 

192 

193 



ter” 

Spare aa a Pa * hae aaa 

‘ ce 2 FOO 

; ns * 1 3) a. Sen 

§ 

ble odd ne? Jawmatenine,
 on 

Te coe ia gull Men uence he 

ahi ina tsbhe on 0 rm a ts oe : 

_ asoantbas ths 10} jnannt'er408 bas hors} 

Lng ons berg ale Oe Oy gHtbegden ion whs) 

cela a ew wk mpasod Js KUTT der: or65. 

“baw aotyteonst round Wes, 4 Jans IQgdKn 162 

4 \ Semester b1O omy 40%" en ad 

“gb £10. bne oft $6 atnsntbea basteoged To ceannoity Jen Be) para 
o * « & \ ee me it of ai pag Minh ae mt Re 

rnamet ordi bag Kor tonal 8a geha. § ye: Redhat i ‘ 

as @ be ee oe ey ae eon 8 Bane thee & 7 . ie oy, me 

xed f to bie sit ts Rtmemtbee bodtgousb Yo a9 f 
Pie er ead 3.) ) oP gniteuermon totaal 

i ee a a ee Soe s+ 1c BNR 0 8 

Tis ihc tie eal 

Ke ny rae F o Pa ry allie Le 

hy 

- prowasaus he nt — re 

‘bas’ add 30, wher 209900 vam 
ooe\m> 

pt =e fee es he £tlenatt the 

heonad  § 

‘gad to ‘bing | at ‘te -zingaitbaa bar Faogab.. 

ge Hoga & S.0 Ye ndtverdipsNEy Yrgatbon. | 
sisi ubraseon onotssfomte gab, f. oper 

tprdne an gud 

oven add pniybuse at bakwlont enot site Ne rnd oA 
Ba tg Ue le ob 

u Bas | 

gatavd: bnuod add. at gohtiaotav hotw. 0. sta ; ' 
wa as 

oa\os\e pitas giat tose aot 36 Hdotad, Sve cei 

“ >» cae katie A ake aed Bm 

OBOS\e watrud encisers seans 28, botiag ‘avi ae : 
ey cay hale aaa ae eH ay 6A 

Oa\OS\@ pntavb znetrere senda 16 ‘besae tebe. poise ot 
A iw tigi 

eS See ee 

OA Rae 
ee 

ty 

ontaud’ eotieta ashy 

ovr 



Figure 7.21- Stick diagram of wind velocities in the Sound during 
SOU tO DAMOP cg oo ob ooo OOO OOOO OO OOOO 195 

Figure 7.22- Computed wave height at three stations during 9/01/80 
POU SMMOV SOL tive cpamestcs closade) aucres ich wer cu tenres corer Neuse obo? tome cuncees 196 

Figure 7.23- Wave-induced bottom stress at three stations during 
VOUS co D/RO/BO 5 50.6,.6.6 610 0 Go Ono 560 0106500 6 197 

Figure 7.24- (a) Locations of transect sections in the western portion 
Of MiISSASSHPpsSOUN Gti ncr Ne, ey wolatire ist coc Sotstpes tyeiou ener ets 199 

(b) Locations of transect sections in the eastern portion of 
MisSisis ippi@Sound? sc w asec ae & SS Be ee ee 200 

Figure 7.25- (a) Measured near-surface suspended sediment concentration 
in the Sound during 9/02/80 to 9/03/80.......... 202 

(b) Same as (a) except for near-bottom concentration. .... 202 

Figure 7.26- (a) Measured near-surface suspended sediment concentration 
in the Sound during 9/08/80 to 9/09/80.......... 203 

(b) Same as (b) except for near-bottom concentration. .... 203 

Figure 7.27- Simulated near-bottom suspended sediment concentration at 
three stations during 9/01/80 to 9/10/80 ............ 204 

Figure 7.28- (a) Measured near-surface suspended sediment concentration 
in the Sound during 9/20/80 to 9/21/80. ......... 206 

(b) Same as (a) except for near-bottom concentration. .... 206 

Figure 7.29- (a) Measured near-surface suspended sediment concentration 

in the Sound during 9/24/80 to 9/25/80. ......... 207 
(b) Same as (a) except for near-bottom concentration. .... 207 

Figure 7.30- Simulated near-bottom suspended sediment concentration at 
three locations during 9/20/80 to 9/25/80. .......... 208 

Figure E.1 - Grid structure for solving the two-dimensional transport 

EQUA HOME foi fer wey ee tay decay ee re! G0 Sei aes cor LS Neh etree Se vometar aw ner voll tok tees 244 

Figure E.2 - A typical profile containing short-wave oscillations ..... 247 

Figure E.3 - Steady-state, wind-driven currents caused by a 5 m/sec wind 
in a two-dimensional enclosed basin. Dye of 1000 mg/1 is 
being released at the upper left corner. ......-eeee-e 251 

Figure E.4 - Dye concentration after 1 day of release and driven 
by the currents in E.3. Computed with upwind scheme ..... Zak 

Figure E.5 - Same as E.4 except computed with the combined upward and 
and central difference schemes curs: rire cursaicnrencu tomer omen ecu 252 

Figure E.6 - Same as E.4 except computed with central difference scheme 
With SMOOLM ING este en ol tod lomeely co touch focrok touted contrite oimoterciiesh eons 252 

Figure E.7 - Same as E.4 except computed with FCT scheme. ........e. 253 

x1 



eG 

1 ae Hy 

inet Sei9naaq00 shontese NERS ‘aoe we- 
7 “1, : + haa ’ al * ° a '®y he AN fO\2, o OB\ROVE. Fab heed. 

| iy “feat Fanzasone3, ied, bd Sige ia ao 

-not dan tonaas Ing 
a bie BY s Pee ao el 

eS fe sot itieman0 dovalbas , a at 
| 

oe or Cie Smile a se GBNBING 09 0G “ 

Oe es ‘notyeagnesna) Ins iar ‘pabioqewe. peruano beans bay ate 
BOS: aye an | 7 ‘es BOR: Pan BY ESE qs... LONE Qa tuts awe Ce ae 

ane as eos nol eianoanes hedsad-ansn, wh Aqq0x9 (6) nw ae, aay 

oie STO ‘datisrtnsanos gerentivn abragess soahaue~6an baruenenk ts) N 
NOR ye woe we pe oe OBNBSNO OF OB\ASNS Ghitub oniod aie ah, 

yh en Mae ee eee MOH ITBIINGINGD: Pas Ios Gan: wr ia fay eK end (m) hia 

ta i i ay ‘las nol Joxtneanad Joombboa’ bobnanene, nodtod~res0 Dada fore i | 
De BR ae kee ee ee OS\ES\E oF OB \MSxe ert awh ‘Ree eateh eae 5) es 

poe ae . fe ae “ sroaennne [onc enaentimows ant, dyiaton. 10) onuyounse rn coy 
ol NOS; ‘ Se | ‘ -* a ae ee oe ee ee oe a ae a 1m ve 4, ka % eh ah 's “OTE pR) a sh 

i ee Oy iy atiales ‘enobdert toad 2 pyeMe2 shone paintadsnon trong Teorey Ao» Sail 

‘ate Serhan ea ud ba aways esiauD Dav tnbetivtys enitde- webante ik Ba 
at Thom WOOL Yo 94d heed bedoling \fenalgngmthoowh a.nky Cee 

7 ¢) han 7 Pte ee ee ONIN Def Magu RAS Jp Daew ary, Rone: Vat 0 

: a | ae ak) bia agentes Oo 'yBb borage npbiatanaanes: Par Pane: ‘eh 
Ws. eae SMO SS RAE Wiay at ‘varwtiag? he a it 220 me. bse ‘is eee 

ae ee eg hn biawqy ‘pentdnoy. add Adio beau Synans We ital Am ~ atonal , 
et ei ae Nima arm gren se Reed omen ae: SpnaTen Fo, bien Ham, 

are 3 iosdae garahatt th: PAO Hew! be sugnos. sqanne ee the ‘pen + Baw ; 
an meee j eS a 



Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

2.1 

2.2 

2.3 

2.4 

6.1 

6.2 

6.3 

6.4 

6.5 

LIST OF TABLES 

Classification of Models According to Important 
Dy namiceReacugeSmrcmicitomois i oiicnl- ici ii-ll- il o—telloiite 

Classification of Models According to Important 
Numerical Features. . 2. - - 2 2 2 ee ee ee ee 

Representative Time Scales of Large Scale Motion 
im Goasuall TOPS oo 6 Oo OOo oO oOo OOOO OO 

Representative Dimensionless Numbers. ... . oie 

Characteristic Quantities for Dissipation Eddies 
Um (CORSE TEARS 66560000 o oo OOO ob OO 

Settling Speeds and Relaxation Times of Sediment 
PAIREIGIES 5 6 o.6 010 0.0 6 DRM oppst aM ae Yes! Tommenine 

Critical Particle Radii at Various Dissipation 
NGS 5 oO on0N60 0000000000006 000 

Composition of Fresh-Water Sediments Used in 
Previous Entrainment Experiments. . .....«e 

Composition of Mississippi Sound Sediments 
Used in Present Entrainment Experiments .... . 

x17 

12 

13 

27 

27 

129 

130 

130 

147 

148 



asthba Sererren RRC be 
Re Or eA ie la a 

1 

Freahhieae te. pr (eh toner bom clings cians us 
Selatan d A ll enw wipaimetieyainin 

. nottsqiaxtd ail. ds. aa stra faatetg. 
aan OO ee ae r eT 

aa : ; ; ; 
a OR =) rey ‘ i i v pats ? 

| Peale at baat. gznuating or ay watts . Tee An Sari arr ae ! re Sarin terns Hh sinthitiett 

ee acer del eae 0. sailinioes "2 4) ee ee Zanambyaqyd wisi ag, dlacncihln hina a 



LIST OF SYMBOLS 

matrix defined in Eq. (3.2); also mean tidal amplitude in (5.1) 

lateral eddy viscosity 

vertical eddy viscosity 

vertical eddy viscosity in neutrally stratified water 

expression defined in Eq. (2.8) 

expression defined in Eq. (2.9) 

tidal amplitude 

acceleration of a dissipation eddy 

coefficients for the equation of state 

coefficients in Eq. (2.22) for horizontal grid stretching 

acceleration of an eddy with length scaleA 

matrix defined in Eq. (3.2) 

expressions defined in Eq. (2.25) and (2.26), respectively 

coefficients in Eq. (2.22) for horizontal grid stretching 

concentration of suspended sediments 

Chezy coefficient 

bottom drag coefficient 

wind stress drag coefficient 

equilibrium concentration 

skin friction coefficient 

coefficients in Eq. (2.22) for horizontal grid stretching 

reference length scale in the vertical direction; 
also vector in Eq. (3.2) 

Brownian diffusion coefficient 

lateral eddy diffusivity 

vertical eddy diffusivity of sediments 

x171 



LA on i y 

; o> % 

} ithe tt Salad ha 

7" “i 7 y 

: ‘ywdew bad Vests Vtansuen | 

7 E 

Kbit “iotieqrents #0 ne 

oe SA Ye natu WE NOT a 

ne Ne 

hey ft 

z | _htovete bing’ fadqoxirod vw? (88,8) re at saree 

ee ; steae iisenst at ot ie ee wiaeseteoah 
_ : SHED sot a Orntt9b tare” 

“Sawtaosaees asia) bas tas), Lp at boerta ae | 
gartarsns, bine fs3qastn0n 70) (88.8), cd iat ada ab rhode 7 i; M 

esata vabnateve %: oh sevenean03 | : 

| aban Te0a yaad 
a " gnatotvinns be wosiog } 

a tretoiynees eas pante bite ci 

i ‘Sattinteasiies mula Fa ; oP ; 

| “‘tnabartyoea agtirota) nti, | a ; | ; 

antnasovde bray inanostod so? (88.58) 04 ni “ainotosa9 i Pet 

‘ protionn tb laatiiey ond at alee Atpnat PTE OPT ig 

2 ak | et i an spa nt Somvey ale 

“snatat N00 oh auth ontowon tf _ 

Ras aa beat eae 



Fr 

Fr 

vertical eddy diffusivity in neutrally stratified water 

expressions defined in Eq. (2.37) and (2.38), respectively 

depth of frictional influence 

rate of entrainment of sediment 

horizontal Ekman number 

vertical Ekman number 

collision SEI IeRSy 

nodal factor 

friction coefficient 

Froude number 

internal Froude number 

Coriolis parameter 

Greenwich phase or epoch 

Shearing rate of dissipation eddy 

shearing rate of an eddy with length scaled 

gravitational acceleration 

water depth plus surface displacement 

mean water depth 

grid index in the x-direction; also unity matrix 

grid index in the y-direction 

grid index in the z-direction 

lateral thermal diffusivity 

vertical thermal diffusivity 

XIV 



ae Pie er we Pcie vie 

le rae ne gets OEE 

soemeos fant sostour aut fen en get 

 xtadon ein gate “nO s3940-K ‘is i soda vite 

He i RE ct Da ria a HM ie “nataaantboy add ab pana wo 

“nobvawn ts. ‘ott nm sia sie 



vo 

Sc 

vertical thermal diffusivity in neutrally stratified water 

von-Karman constant 
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vertical ly-integrated velocity in the x-direction 

velocity in the x-direction 

x-velocity at Zz above the bottom 

x-velocity at 100 cm above the bottom 

wind velocity in the x-direction 

wave orbital velocity 

friction velocity 

= u - U/H 

vertically-integrated velocity in the y-direction 

velocity in the y-direction 

y-velocity at Z above the bottom 

deposition velocity 

wind velocity in the y-direction 

= v - V/H 

vector defined in Eq. (3.2) 
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intermediate solution of the external mode algorithm 

vertical velocity in the z-direction 
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horizontally stretched coordinate corresponding to x 

coefficient of volumetric expansion 

= go/i2 
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¢ latitude; also weighting factor 

¢s stability function for constant flux layer 

o,° %, ae rene eee 
¢, stability functions for eddy coefficients 

v kinematic viscosity 

ve Vv.» Pilich 

v5? ¥, collision kernels 

= shear stress 

Thx? Thy bottom shear stress in x and y directions, respectively 

Tr particle relaxation time 

Tsx> Tsy surface shear stress in x and y directions, respectively 

t surface displacement 

Q earth's rotation rate 

a vertical velocity in the g-direction; also tidal frequency 

u viscosity 

x astronomical argument 

5x> by central-difference spatial operator 

Superscripts 

— denotes ensemble averages or dimensional quantities 

; denotes fluctuation about the mean 

* denotes dimensionless quantities 

Subscripts 

r denotes reference quantities 
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI) 

U. S. customary units of measurement used in this report can be converted to 

metric (SI) units as follows: 

Multiply 

inches 

feet 

yards 

fathoms 

miles (U. S. statute) 

miles (U. S. nautical) 

square feet 

square miles (U. S. statute) 

cubic feet 

cubic yards 

miles (U. S. 
per hour 

statute) 

knots (international ) 

foot-pounds (force) 

degrees (angular) 

gram/liter 

pound/cubic foot 

UNITS OF MEASUREMENT 

By 

2.54 

0.3048 

0.9144 

1.8288 

1.609344 

1.852 

0.09290304 

2.589988 

0.02831685 

0. 7645549 

0.44704 

0.5144444 

1.355818 

0.01745329 

16.02 

xix 

To Obtain 

centimeters 

meters 

meters 

meters 

kilometers 

kilometers 

Square meters 

Square kilometers 

cubic meters 

cubic meters 

meters per second 

meters per second 

newton-meters 

radians 

kilogram/cubic meter 

kilogram/cubic meter 
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1. INTRODUCTION 

1.1 Coastal Currents and Sediment Transport 

The Corps of Engineers are responsible for a variety of coastal projects 

such as the deepening of navigation channels, the disposal of dredged 

materials, and the construction of shore protection structures. These coastal 

projects are influenced by, and in return can influence, the existing 

hydrodynamic and sedimentary regimes of the coastal environment. Before a 

coastal project can be carried out, impact analyses should be performed to 

ensure that both economic efficiency and environmental quality will be 

optimally maintained. As a first step, existing hydrodynamic and sedimentary 

regimes in the coastal environment should be quantitatively studied. Next, 

impact due to a number of alternative plans for the coastal project should be 

quantitatively assessed. To meet both these requirements, an accurate 

predictive tool for coastal currents and sediment transport is urgently 

needed. Physical models and field and laboratory studies may be used to aid 

the ultimate construction of a comprehensive mathematical model. 

In a broad sense, coastal water starts from the shoreline and extends 

seaward much farther beyond the wave breaking zone to the continental shelf 

where water depth may be several hundred meters. As such, coastal currents 

are influenced by fresh water river inflow, wind, tide, and large-scale ocean 

circulation. At the ocean surface, short-period wind waves are generally 

present whose effects can reach the bottom of shallow coastal waters. In the 

water column, the water is generally turbulent with strong mixing. Relatively 

slow internal waves may also be present. With the additional influences of 

earth rotation and complex coastal geometry and topography, the hydrodynamic 

regime within a coastal environment is extremely complicated. 

Sediment transport in a coastal environment is strongly influenced by the 

hydrodynamic regime. Sediments enter into the coastal environment via fresh 

water inflow during high runoff periods, erosion of the shoreline, and 

disposal of dredged materials. Generally, relatively fine clay and silt 

particles comprise a major portion of these sediments. These sediments can be 

transported by the coastal currents over some distance before depositing on 

the ocean bottom. Strong coastal currents and/or high waves can cause 
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Significant bottom shear stress and hence entrain the bottom sediments. 

Usually, complicated transport-deposition-entrainment cycles lead to large 

Spatial and temporal variations in sediment distribution within any given 

coastal environment. Hence, a comprehensive impact analysis must address not 

only the short-term effect, but also the long-term influence of a coastal 

project. 

Sediments containing a large fraction of clay minerals are generally 

cohesive in nature and can form flocs of various sizes. The particle size 

distribution is greatly influenced by the turbulence and the salinity and as 

such, can vary appreciably with time and location. Deposition and entrainment 

of the cohesive sediments at the bottom of coastal waters are quite different 

from those for the non-cohesive sand particles. Consequently, a comprehensive 

sediment transport model should contain quantitative information on these 

processes. 

1.2 Coastal Ecosystem 

Coastal currents and sediment transport can significantly affect the 

other components within a coastal ecosystem. Some examples are given here. 

Of primary importance is the direct influence of coastal currents on the 

transport of a variety of water quality parameters and biota. The fine 

cohesive sediments, entering from rivers or dredged from the navigation 

channels, may contain nutrients or other undesirable materials adsorbed onto 

the particles. Depletion of oxygen within the lower water column may occur 

due to the formation of a sharp density gradient such as the thermocline. 

Properties of the bottom sediments may be greatly influenced by the 

bottom-feeding organisms, organic matter, and bacteria. Feeding action of the 

benthos may also influence the diffusion of chemical species within the bottom 

water and the surfacial sediments. 

A diagram illustrating the complex interactions occurring among the 

various components of a coastal ecosystem is shown in Figure 1.1. Rectangles 

indicate the hydrodynamic components while circles indicate the other 

components. Interactions among the various non-hydrodynamic components may 

occur both within the water column and below the sediment-water interface. It 

iS apparent from this diagram that a comprehensive understanding of the 
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Figure 1.1. Schematics of dynamic interactions among various 
components of the coastal ecosystem. 





hydrodynamic and sedimentary regimes forms the foundation for understanding 

the complex ecosystem dynamics. Mathematical modeling is the only viable 

means to incorporate all the detailed dynamics into a quantitative predictive 

tool. 

1.3 Past Modeling Studies 

Comprehensive modeling studies of coastal currents and sediment 

transport, incorporating all the major components shown in Figure 1.1, are 

relatively scarce. This is partly due to the lack of detailed understanding 

on the complex hydrodynamic and sedimentary processes, and partly due to the 

lack of efficient mathematical models suitable for long-term simulations. 

Sheng and Lick (1979) and Sheng (1980) studied the waves, currents, and 

transport of cohesive sediments over a large coastal area of Lake Erie, a 

large lake comparable in size to the Long Island Sound. A three-dimensional 

hydrodynamic model was used to compute the wind-driven currents while a 

Parametric wave model was used to compute the bottom orbital currents. 

Results from these models were then used as input to a_ three-dimensional 

sediment transport model. Deposition and entrainment of cohesive sediments 

were studied in the laboratory and results properly incorporated into the 

model. Simulation was performed over a three-day period and model results 

compared well with data. Swain and Houston (1982) studied the currents and 

transport of non-cohesive sediments around a beach using a two-dimensional 

numerical model. Ariathurai et al. (1977) used a two-dimensional, 

finite-element model to study the transport of cohesive sediments in the 

Savannah River over one tidal cycle. Koh and Chang (1973) developed a model 

for predicting the short-term fate of dredged material after disposal. 

Simplified ambient flow conditions were assumed and the entrainment process 

was not included. 

Models of varying degrees of complexity for computing coastal currents 

are available and are reviewed in Chapter 2. Relevant sediment transport 

models are discussed in Chapters 6 and 7. 
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1.4 The Mississippi Sound 

The Mississippi Sound and adjacent areas (Figure 1.2) is a region 

receiving greater attention due to increasing utilization of its resources, 

including the dredging of shipping channels and the disposal of dredged 

materials. A study of the area was initiated by the U.S. Army Corps of 

Engineers in 1977 to determine “whether the present and proposed dredged 

material disposal methods for maintenance and construction should be modified 

in any way at this time in the interest of economic efficiency and 

environmental quality" (USAEMB, 1979). 

Extensive effort was made to summarize the various resources and economy 

of the study area in an attempt to define the "without condition" to allow 

impact assessment of alternatives. However, past studies on the most vital 

resource - the hydrologic resource - of the study area appeared to be rather 

limited, generally qualitative, and oftentimes resulted from scattered and 

unrelated efforts. It was hence recognized that "much research is required 

before a thorough picture of the local water mass dynamics is available" 

(USAEMB, 1979). 

A recent study (Outlaw, 1981) of tidal data indicates that 01 

(period=25.82 hours) and Kl (period=23.94 hours) are the predominant tidal 

constituents in the study area with mean amplitude of both constituents near 

15 cm. The tides in the entire Gulf of Mexico have been studied numerical ly 

by Reid and Whitaker (1981). Using a 0.259 grid spacing, their model covers 

the study area with only 9 grid points along the east-west direction and 5 

points along the north-south direction. Schmalz (1982) studied the tidal 

currents within the study area by means of a two-dimensional numerical model. 

Despite a few studies in the past (Eleuterius, 1973; 1976; Gaul, 1967; 

Christmas, 1973), little is known about the wind-driven currents and 

density-driven currents in the study area. Knowledge about the bottom 

currents is particularly lacking. Field studies indicated that an appreciable 

horizontal salinity gradient may sometimes exist in the study area. 

There have been a few previous modeling efforts for the overall 

circulation of the Gulf of Mexico. Baer, et al. (1968) first attempted to 

compute the Gulf circulation patterns while excluding all topographical 
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effects and any surface or bottom influences. West and Reid (1972), using a 

two-layer quasi-geostrophic model, were able to qualitatively simulate the 

annual cycle of Loop Current intrusion. Hurlbert and Thompson (1980) used a 

similar model, a barotropic and a reduced gravity model to simulate the 

dynamics of the Loop Currents and its eddy shedding. 

Past studies on sediment dynamics in the Mississippi Sound and offshore 

areaS are even more scarce. The primary source of sediment in the study area 

is sediments derived in the large river basins. The Mississippi River has 

contributed and still contributes large amounts of sediments to the western 

reach of the study area. To a smaller degree, the Pearl, Pascagoula, and 

Mobile Rivers also introduce considerable quantities of sediments into the 

Mississippi Sound and the Mobile Bay (Boone, 1973). Based on limited studies, 

Upshaw, et al. (1966) indicated the overall surface sediment distribution 

pattern of the study area as shown in Figure 1.3. In general, the surface 

sediments in the offshore area become increasingly coarse eastward, from the 

silty sediments off the Mississippi Delta to the sandy sediments off the 

Florida Coast. 

1.5 Purpose and Scope of the Present Study 

The major purpose of this study is to construct the framework of a 

predictive mathematical model for coastal currents and sediment transport. 

The basic framework that we intend to follow is shown in Figure 1.4. A 

comprehensive model constructed from this framework, we believe, should 

ultimately meet the need for impact analyses of a wide variety of coastal 

projects within the Corps of Engineers. 

Our approach combines the efforts of mathematical modeling, laboratory 

experiments, and field studies. Of primary importance in this study is the 

development of a comprehensive and efficient three-dimensional hydrodynamic 

model of coastal currents. At the early stage of the present study, extensive 

hydrodynamic data were being collected within the Mississippi Sound. These 

data are used to compare with predicted results of the three-dimensional 

hydrodynamic model. In addition, laboratory experiments are carried out to 

quantify the settling, deposition, and entrainment of cohesive sediments from 

the Mississippi Sound. Other aspects studied include the effect of turbulence 
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Figure 1.3. Sedimentary map of the Mississippi Sound and adjacent 
coastal waters. 
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Figure 1.4. 
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(b) Detailed schematics for defining deposition and 
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on sediment particle dynamics, the bottom boundary layer dynamics, and the 

wave Climate within a coastal environment. Results from these studies are 

systematically incorporated into a quantitative analysis of the sedimentary 

regime within the Mississippi Sound. 

A detailed description of the hydrodynamic model will be given in Chapter 

2. Numerical algorithms of the hydrodynamic model are described in Chapter 3, 

followed by model evaluation tests in Chapter 4. Dynamic simulations of 

coastal currents within the Mississippi Sound and adjacent continental shelf 

are presented in Chapter 5. The transport, entrainment, and deposition of 

cohesive sediments are described in Chapter 6. A sediment transport model for 

the Mississippi Sound is described in Chapter 7. The last chapter, Chapter 8, 

gives conclusions and recommendations. 

10 
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2. HYDRODYNAMIC MODEL 

2.1 A Review 

There exist various time and length scales in the hydrodynamic processes 

of large bodies of water, ranging from the small scale of the surface waves 

(1 sec < T < 20 sec, 1 cm<L < 500 m), the mesoscale corresponds to the 

internal and inertial waves (N! <T < f7!, 100 m<L < 100 Km), to the large 

scale associated with the long waves (tides, storm surges, and seiches). In 

addition, turbulent processes that affect the mean circulation and the 

dispersion of contaminants have to be addressed. Due to the lack of detailed 

understanding and the limitation of computer resources, existing numerical 

models of large scale processes do not resolve the small scale and the 

mesoscale range, but resort to parameterizing the processes in these ranges. 

In addition to the difference in the resolved spatial and time scales, 

models can differ substantially in numerical features and hence have quite 

different numerical efficiencies and accuracies. Anticipating long-term 

simulations for a variety of flow situations, an ideal numerical model should 

be comprehensive (containing the proper physics) and generalized (requiring 

minimal tuning, and adaptable to various applications) in terms of its dynamic 

features, while accurate (containing little numerical damping) and economic 

(computationally efficient) in terms of its numerical features. To allow 

relative ease in distinguishing one model from another, it is convenient to 

classify models in terms of their dynamic features as listed in Table 2.1: 

spatial dimension, time variation, air-sea interface, scale of interest, 

turbulence parameterization, and forcing. Table 2.2 lists numerical method, 

equations solved, time-differencing scheme, spatial-differencing scheme, grid 

structure, and host computer as the primary numerical features that 

distinguish models from one another. 

11 
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Table 2.1 

Classification of Models According to Important Dynamic Features 

Spatial Time Air-Sea 
Dimension Variation Interface 

Types 0-D (Box) Steady-State Free-Surface 

of 
1-D Time-Dependent Rigid-Lid 

Models 

2-D: 

Vertically- 
Integrated 

Laterally- 
Averaged 

X-2 

3-D: 

Discrete 

Layered 

12 

Scale of 
Interest 

Global 

Limited-Area: 

Open-Coast 

Near-Shore 

Large-Scale 

Boundary 
Layer: 

Bottom 
Boundary- 
Layer 

Mixed- 
Layer 

Lateral 

Boundary- 
Layer 

etc. 

Turbulence 
Parameterization 

Eddy-Viscosity 

Two-Equation 

Reynolds-Stress 

Forcing 

Yind-Driven 
Circulation 

Density- 
Driven 
Circulation 

Pressure- 
Driven 
Circulation 

Tidal 
Circulation 
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Table 2.2 
Classification of Models According to Important Numerical Features 

Numerical Equations Time-Differencing Spatial-Differencing Grid Host 
Method Solved Scheme Scheme Structure Computer 

Finite- Primitive Explicit Advection Terms: Rectangular Mini 
Difference 

Surface Implicit Upwind Cylindrical Main 
Displacement © Frame 

Finite- Semi-Implicit Second-Order Spherical 

Element Velocities 
Higher-Order 

Leapfrog Non- 
Temperature Flux-corrected Uni form Virtual 

Densit Forward-Time Transport 

y Non- Virtual 
Uni form 

Spectral 

Poisson Solver: 

Poisson F Boundary- 
Iterative Fitted 

Stream 
Function Direct Solver eral 

Vorticity Stretched Non- 
Vector- 

Pressure None ized 

Stretched 
Surface 
Displace- 
ment 

13 
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Numerical Method 

Due to their relative simplicity and ease of resolving complex physical 

phenomena, finite difference models have been widely used in the study of 

coastal currents. The finite-element method (based on the Galerkin 

technique), despite its ability to resolve complex geometry in the 

computational domain, has several disadvantages: (1) It is relatively more 

complicated and expensive to program, particularly for additional nonlinear 

terms; (2) It requires relatively more computational effort per time step; 

and (3) It is not well suited for problems exhibiting highly-localized 

effects such as sharp density gradients across a coastal front or a 

thermocline. The spectral method, while considered to possess superior 

accuracy, has the same basic disadvantages as the finite-element method. 

Recent advancement in the numerical generation of boundary-fitted coordinates 

has added further flexibility to the finite difference method, thus making it 

the optimum method for simulation of coastal currents. 

Spatial Dimension 

Due to the limitation in computer resources, earlier numerical models 

generally resolved only one or two spatial dimensions. One-dimensional models 

are widely used for simple parametric studies and are often amenable to 

analytic solutions. They have been used to study tidal currents and 

water-quality parameters in estuaries (e.g., Harleman, 1975). The so-called 

link-node model (e.g., Pagenkopf, et al., 1977) is actually based on the 

superposition of one-dimensional models. 

Two-dimensional models are relatively easy to use and may provide 

reasonable answers when flow in the third dimension is relatively homogeneous. 

Among the various types of two-dimensional models listed in Table 2.1, the 

most widely used is probably the vertically-integrated model, which is 

obtained by integrating the three-dimensional equations of motion in_ the 

vertical direction. It has been used extensively for simulating tides, storm 

surges, and pollutant transport in coastal environments (e.g., Leendertse, 

1970; Butler, 1980). Due to the lack of vertical resolution, however, the 

vertically-integrated models are not adequate for studying such problems as 

wind-driven currents and sediment transport in coastal waters. More recently, 

14 
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with the improvement in numerical techniques and computer’ resources, 

three-dimensional models have become more advanced. The following discussion 

centers on the three-dimensional models. 

Time Variation 

If the time scale of the dominant forcing (e.g., wind) is larger than the 

other characteristic time scales of the water body, a quasi-steady state 

exists and one may use a steady-state model which essentially removes the 

effect of time variation from the problem. One may also utilize the 

steady-state model to study a series of wind-driven events while using 

different eddy viscosities to simulate the varying randomness effects. The 

steady-state model has been used extensively for studying currents in enclosed 

bodies of water such as lakes and reservoirs (e.g., Sheng and Lick, 1972; 

Sheng, 1975). For instance, if the winter winds over Lake Erie remain 

relatively steady for more than 1 day, the currents can be predicted with 

reasonable accuracy by means of a three-dimensional, steady-state, wind-driven 

circulation model. For coastal studies, however, the steady-state analysis 

may not always be valid. 

Air-Sea Interface 

Free-surface models allow the vertical movement of air-sea interface and 

hence the propagation of surface gravity waves. Earlier free-surface models 

usually solved for the primitive equations with an explicit time-marching 

scheme (e.g., Leendertse and Liu, 1975; Forristal, et al., 1977; Sheng, 

1975). Although the numerical algorithm was rather straightforward, the 

numerical time step was severely restricted by the time for the surface 

gravity wave to propagate the distance of one spatial grid (on the order of a 

few seconds). Recently, more efficient free-surface models which do not 

contain this limit (At ~ 30 min) have been developed (e.g., Sheng, et al., 

1978). If the time period of interest is much greater than the dominant 

seiche periods in the water body, however, one can use a rigid-lid model which 

treats the air-sea interface as a rigid lid with no vertical motion and hence 

eliminates the gravity wave propagation altogether. A larger numerical time 

step is allowed this way. The trade-off is that one now has to solve a 

Poisson equation for the surface pressure which may offset the gain in the 
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maximum allowable time step. The rigid-lid model has been used quite 

extensively to study circulations in the atmosphere (Mason and Sykes, 1978; 

Lewellen and Sheng, 1981), oceans (Bryan, 1969) and lakes (Sheng, 1975; 

Bennett, 1977). 

Scale of Interest 

Global circulation in an enclosed basin can generally be resolved with a 

numerical model and a grid encompassing the entire basin. In coastal waters, 

however, limited-area models with a fine grid resolution in the nearshore 

region are often desired. In such a case, proper coupling between the 

nearshore region and the offshore region not resolved by the model is 

required. Open boundary conditions need to be properly specified to ensure 

correct forcing and to eliminate computational modes and _ numerical 

instability. These aspects shall be addressed later. 

Even if one's interest is only in the large-scale motion in a water body, 

the ability of a numerical model to simulate realistic events may still depend 

upon how well the_- model parameterizes the important small-scale 

(boundary-layer) processes. Consider relatively deep water under the action 

of wind and earth rotation. There are generally seven layers in the vertical 

direction when proper.averaging in time and space is performed on the flow 

variables: 

(1) avery thin laminar sublayer below the free surface, within which 

the velocity varies linearly with depth, 

(2) a constant flux layer within which the velocity varies 

logarithmically with depth, 

(3) a surface turbulent Ekman layer within which turbulent mixing is 

important. 

(4) a generally non-turbulent geostrophic core within which the velocity 

varies relatively little with depth, 

(5) a bottom turbulent Ekman layer, 

(6) a constant flux layer near the bottom, and 

(7) avery thin laminar sublayer adjacent to the bottom. 

16 
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The above description of the various vertical layers is a convenient 

qdealization and is not expected to be valid at all times in waters of all 

depths. 

the order of ux/f and is based on a steady-state force balance between the 

For instance, the classical turbulent Ekman layer has a thickness on 

wind stress and the Coriolis force in a neutrally stratified water column. In 

reality, however, wind mixing seldom reaches the neutral Ekman layer depth due 

to the presence of buoyancy and/or other dynamic processes (e.g., wind 

forcing) containing time scales much smaller than the rotational time scale. 

Strong convective mixing may also destroy the distinct Ekman spiral. Across 

the air-sea interface, mutual interactions of atmosphere and ocean take place 

within the ocean mixed layer and the atmospheric marine boundary layer. On 

windy days, the air-sea interface is quite rough due to strong wave actions 

and the ocean mixed layer is strongly influenced by the wave-turbulence 

interactions. Turbulence generated by wave breaking plays a dominant role in 

the mixed layer dynamics (as well as in the surf zone dynamics), but our 

understanding on this subject is still rather primitive. Another factor 

having strong influence on the mixed layer dynamics is the density 

stratification. A stable stratification decreases the turbulent mixing while 

an unstable stratification increases turbulent mixing. Strong convective 

events in calm weather may lead to organized features similar to the rolls of 

vortices in the atmosphere (Lewellen, Teske, and Sheng, 1980). In deep waters 

below the surface mixed layer, patches of turbulence can be generated due to 

the presence of internal waves. (Garrett and Munk, 1972 and 1975). 

In shallow coastal waters, the surface and bottom Ekman layers may merge 

and are comparable to the water depth. Dynamics of the relatively thin 

sublayers (~1 cm) and constant flux layers (~1 m) play rather important roles 

in affecting the transport of such materials as heat, sediment, nutrient, 

oxygen, and oil slick, which are introduced into the water bodies at the 

surface or bottom boundaries. Oscillatory flow or roughness features may 

introduce additional thin logarithmic layers adjacent to the boundary. Along 

the bottom of shallow waters such as tidal marshes, vegetation canopy may also 

exist. 
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Due to the abundance of bottom feeding organisms, the relatively thin 

bottom boundary layer in the ocean is often called the benthic boundary layer. 

Dynamics within the benthic-boundary layer affect the animal community, the 

sediment movement, and the diffusion of chemical species and as such have 

received great attention from all disciplines of oceanography. Over the 

shallow coastal waters, wave-induced oscillatory flow interacts with the 

slowly varying current within a thin layer above the bottom to cause movement 

of sediment and other materials. Models capable of predicting the benthic 

boundary layer dynamics in shallow water are needed to accurately predict 

bottom flow and resulting sediment movement. 

In the interior of a relatively large lake or ocean, the lateral 

turbulent diffusion is generally smaller than the vertical turbulent 

diffusion. Adjacent to the coastlines, thin lateral boundary layers exist 

within which lateral turbulent mixing is also important. Tee (1976) studied 

the tidally-induced residual currents in the Bay of Fundy and suggested the 

importance of the lateral boundary layer in generating the large residual 

eddies. However, most large-scale circulation models use numerical grid 

spacings which are larger than the lateral boundary layer thickness and hence 

do not adequately resolve the detailed boundary layer dynamics. 

Turbulence Parameterization 

One of the most important features in numerical hydrodynamic models for 

coastal currents is the parameterization of turbulence. Most existing models 

utilize the concept of an eddy viscosity. Eddy-viscosity models are 

relatively easy to use and can give reasonable results if sufficient data are 

available to establish the validity of the model parameters. Once the model 

has been sufficiently calibrated for a given site, it is then suitable for 

performing parametric studies or long-term simulations at that site. However, 

the proper eddy viscosity formulation depends on both the process and the 

environment of interest. Great discrepancy exists among the various empirical 

formulations of eddy coefficients. There is a great need to reduce the 

empirical "tuning" of the eddy coefficients which is often required to achieve 

good agreement between model output and data. 
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Despite the wide application of eddy viscosity models in simulating the 

large-scale circulation in water bodies, many dynamic processes cannot be 

accurately simulated by the eddy viscosity models. This is particularly true 

in highly stratified and/or highly oscillatory flow conditions, such as the 

mixed layer dynamics and the benthic boundary layer dynamics. Under these 

circumstances, the turbulence is generally not in equilibrium with the mean 

flow gradients and one has to use models that resolve the time rate of change, 

convection, diffusion, production, and dissipation of turbulence. These 

Reynolds stress models, also called second-order closure models, solve the 

dynamic equations for the mean flow variables as well as the second-order 

turbulent correlations. The dynamic nature of this type of model permits one 

to use a universal set of model constants for a wide variety of flow 

simulations without having to do site-specific parameter tuning normally 

required for eddy viscosity models. Although fully three-dimensional 

application of such a model is still limited by the prohibitive computational 

cost, one can use simplified versions of this model to derive a physically 

more meaningful eddy coefficient formulation. A brief discussion on_ the 

formulation and applications of a Reynolds stress model is given in 

Appendix D. 

Forcing 

Models can also be classified according to the type of forcing (in 

parenthesis) as either a wind-driven circulation model (wind), a 

density-driven circulation model (density gradient), a storm surge model 

(storm), or a tidal circulation model (tide). In the most general case, all 

the forcings should be resolved by the numerical model. 

Model for the Present Study 

For the present study, an efficient three-dimensional, time-dependent, 

free-surface model has been developed. Forcings including tides, winds, and 

density gradients are properly resolved. To better resolve the complex 

geometry and bottom topography in coastal waters, vertical as well as 

horizontal stretchings are applied to the generally non-uniform coordinates. 

A special effort has been made to significantly improve the computational 

efficiency of the model such that long-term simulation can be performed. In 
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the following, the basic equations and boundary conditions will be first 

described. The various model features are then discussed in detail. 

2.2 Basic Equations and Boundary Conditions 

The mean equations of motion for an incompressible fluid in the presence 

of both a gravitational and a Coriolis body force, with the mean variables 

denoted by lower-cases and the turbulent fluctuations by primed lower-cases, 

may be written in general tensor notation as follows: 

du; 
Ue ax, = 0 (2.1) 

du au a usu 
fe aly Ser emery CONDE Prat lira at Uj 2x; ax; Aas + g; 2 Eijk {Uk (252) 

dull” 
CUR a eile (2 3) 

ot J ox: ax: : 
J J 

LO GO peg Us aa iE! (2.4) 
ot J ax; aX; 5 

J J 

B= Ip) (lisS)) (255) 

where u; are the velocity components, x; are the rectangular coordinates, t is 

the time, ujuy are the Reynolds stresses, p is the density, p is the pressure, 

g; is the gravitational acceleration vector, T is the temperature, T,) is the 

reference temperature, € ijk is the unit alternating tensor, 2 is the angular 

velocity of earth, ul are the heat fluxes, S is the salinity, and ujs” are 

the salt fluxes. In writing the above equations, the Boussinesq approximation 

has been made such that the only effect of the density variation is in the 

gravitational body force term in the momentum equation (2.2). Molecular 
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diffusion terms have been discarded anticipating high Reynolds number 

applications. 

This system of equations (2.1)-(2.5) is not complete owing to the 

presence of the Reynolds stress and the flux terms. A hierarchy of turbulence 

models has been developed to resolve this problem (see, for example, Appendix 

D). Conventional eddy-viscosity models employ a stress-strain law for 

time-averaged turbulent flows in a similar form as that for a Newtonian fluid 

in laminar motion. The Reynolds stress terms are replaced by the products of 

a mean flow gradient and an eddy viscosity, which is prescribed as a constant 

or some algebraic function of local flow properties. 

Time-Averaged Equations for the Mean Variables 

Assuming hydrostatic pressure distribution (valid when vertical 

acceleration is negligible compared to the vertical pressure gradient) and 

employing the eddy-viscosity concept, the basic equations (2.1)-(2.4) can be 

written for a right-handed coordinate system (X) 9X5 9X3 )=(%5y52), where x and y 

are the horizontal coordinates and z points vertically upward, as: 

Sy ae as TO (2.6) 

ace ou 3a ou 
* by (+ =) "32 (1, =| (2.7) 

f) av F) av + a zs a 
ay (A ay * 37 (4 az W208) 
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opens ae pg (2.9) 

aT , aul, avT , awl = 8 k, 2 AWE Ky 24 yen x ol 

at ax ay 9z ax ax ay ay az V az 

aS .auS , dvS , awS r) aS C) aS r) aS = oe ss a — + — —— == — 

at ¥ ax ay i az ax (D4 7 ay (0, ay) ‘ az (0 a7) 

(2.11) 

where u, v, and w are the velocities in x, y, and z directions, f is the 

Coriolis parameter defined as 22sin@é where @ is the latitude, Po is the 

reference density, Ay, Ky, and Dy are the horizontal eddy coefficients, and 

A\> Ky. 

terms and the advection terms have been written in conservative. forms. 

and D, are the vertical eddy coefficients. The nonlinear inertia 

Variable eddy coefficients are allowed in the above equations. Source/sink 

terms may be included in (2.10) and/or (2.11) to account for such effects as 

radiation, precipitation and evaporation, etc. 

Due to the different scales and intensities associated with the 

horizontal and vertical turbulent eddies in large lakes and oceans, the 

lateral eddy coefficients (Ay ~ 10° to 10° cm’ /sec) are typically several 

orders of magnitude larger than the vertical eddy coefficients (Ay ~ 1 to 10° 

cm*/sec). The determination of realistic values and forms of the eddy 

coefficients is a major and difficult task in the modeling of lake and ocean 

currents. 

22 



; (ey) v5} ¢° f 2 a) &G # : 

: ibs) eG a Me | 

i. a: et v emmtanenth a ‘eng e \e nt ‘Bihar Ce. cay we vig : edd ar Lf Abdter od ar ¢ enw Waren ae beat? . ks y2inatattteos yb ‘Teinoaiaon’ ont ob ‘nk ve Oe w fa » ettrani “Mesni loon ont, .atnstaittecs Abba. featyasy he an fe a sem? evitevieenas: Nt teas Faw feed svait aera3- ‘no hosvbe. ody i AnPa\sosuod | +enolteups avode aid st ‘boweltg a1 Binet at¥t909, ybtie ts ov. a33at¥s dowa “08 _dds25 ot {tt.s) vo\bne. #OL.$). nt babu tant’ ad, Oe ye a ats soo ieyogave: ‘hk otaastgtoana « ‘ 
etl Witte ‘betatsonea zoittenater ‘bn eating tnera}¥ i ae os “sutt Seat j2nges0 bas eakef ‘ep tae nt, ‘stbhs natnaren teat rev ‘bat i ues f{ssavee MM faatays 916. (rae mo vf ot OE * yA) ‘etaotatyiaas. \bba Bor oF fs UA) etnekaitieds ybbs fast¥rey: add teas qaptst abut Fagein Ww P Wbbs BHF Fo. emit bmn toulsv  atiet tes to, fotonfaratoh ant ad M8950 BG ox8! to erehen A ent nf Jagd dtuatty th i thd i. a va 



Boundary Conditions for Mean Variables 

Boundary conditions at the free-surface are: (a) the wind stress is 

specified, 

du ov\ _ = 
Po Ay ee =) = (Texo Tey) = PaCgaluy + VAI’? (Uys Vy) (2-12) 

where ay and Toy are the wind stresses in the x and y directions 

respectively, p, is the air density, Caa is the drag coefficient, u, and v, 

are wind velocities at a certain height (6m or 10m) above the surface; 

(b) the kinematic condition is satisfied, 

me hay Be sy Os (213) 
at aX ay 

where ¢ is the displacement of the free surface; (c) the dynamic condition is 

satisfied, 

P = Pa (2.14) 

where p, is the atmospheric pressure, and (d) the heat flux is specified, 

oT 
PoKy a = 06.5 Ink. (T-T,) (2.15) 

where H, is the surface heat exchange coefficient, and T, is an equilibrium 

air temperature at which the surface and heat flux q, is zero. 

Utilizing the dynamic boundary condition (2.13), the vertical momentum 

equation can be integrated vertically to yield: 

Z 

») = -f pg dz +p, (2.16) 

The pressure gradient terms in Eqs. (2.7) and (2.8) can thus be replaced by, 
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ap ae ee ee (2.17) 
C 

aP - - g By G2? sO ta (2.18) 

where p, is the density at the free surface. 

The transfer of momentum and heat at the air-sea interface is extremely 

complicated. A proper treatment requires understanding of the planetary 

boundary layer, the mixed layer of oceans, and their interactions. Most 

models of lake or ocean currents resort to empirical formulae as shown above. 

Based on the wind speed at 6 m above the surface, Wilson (1960) used a value 

of 0.00237 for Cy, during strong winds and 0.00166 for light winds. 

Hicks (1972) considered wind speed at 10 m above the surface and arrived at 

Cqgq Of 0.001 for low wind and 0.0015 for high wind. Additional complications 

surrounding the specification of surface shear stress include the 

determination of the time-dependent wind field, the relationship between the 

over-land wind and the over-water wind, and the effect of atmospheric 

stability on the simple quadratic stress law (2.12). H, and Ty in (2.15) 

depend on the wind speed, air temperature, humidity, and solar and terrestial 

radiation. Empirical methods to evaluate H, and T;~ can be found in Edinger 

and Geyer (1967). An alternative approach by TVA (1972) treats the sensible 

heat transfer and the evaporative heat loss separately. 

At the bottom, the boundary conditions are: (a) a quadratic stress law 

is used. 

au av) _ 5 2 2 
p Ay = 2") (pes Thy) p Cy (u, uv wa) (u ’ v,) (25 19) 

where Cy is the drag coefficient, and Uy and v, are horizontal velocities at a 

point Zz above the bottom; (b) the heat flux or temperature is specified. 
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Based on limited studies (Sternberg, 1972), constant value of Cq on the 

order of 0.004 have been used in the past. Recent studies of tidal currents 

in a shallow estuary found Cy to be on the order of 0.035 (Brown and 

Trask, 1980). A more rigorous way of determining Cy is to utilize the 

Monin-Obukhov similarity relationships valid within the constant flux layer. 

If Zz is within the constant flux layer above the bottom, Cq can be shown to 

be (Sheng, 1980): 

mere 

Gy eaaka eney/2) + #5(2,/0| (2.20) 

where k is the von Karman constant, Z, is the roughness height, and ¢, iS a 

stability function characterizing the stability of the bottom boundary layer 

(Businger et al. 1971; Lewellen, 1977), and Leu; /kgayw'T™ is the 

Monin-Obukhov similarity length, where a, is the coefficient of volumetric 

wit expansion and is the vertical heat flux. 

It can be shown that the stability may increase (unstable case) or 

decrease (stable case) the drag coefficient by as much as 40%. Indeed, this 

definition of C4 should also be used within the constant flux layers below the 

free surface as well as above the air-sea interface. Huang and Sloss (1981) 

used a Richardson-number-dependent Cua suggested by Deardorff (1968) in a 

study of the monthly mean circulation in Lake Ontario. 

Others (Forristal et al., 1977; Blumberg and Mellor, 1981) used linear 

bottom stress laws instead of the quadratic stress law (2.18). It should be 

pointed out that the bottom stress is relatively unimportant in deep waters. 

In relatively shallow coastal waters, however, the bottom stress can be of the 

same order of magnitude as the wind stress. In such cases, numerically 

modeled currents are quite sensitive to the bottom stress formula used in the 

model. The no-slip condition, (u,v,w) = 0, has been used by many modelers, 

but is valid only if the laminar sublayer is adequately resolved by an 

extremely fine vertical (< 1 cm) grid in the numerical model. This will be 

discussed further. 

25 



POA 
i 

Dae a 
ee 0 : on 

uh " fa ao 
Uanl yi ee, 

an : saa i a Yo bicldrana Mibie 

: baw ‘woa) ‘200.0: Yo “yab10 od 0 en 
nf ‘and “Setitow of a » gotatenaseh: to Xsw euorag 

‘ i. Sede “To she * tase Ps ky 

al al, rath bas. stot atamtquon, one. 4 of -20ats niet 

ee Hi ya lee eae aie 
. _ Binvamutow: ao: Sahil “i ah, yi cee \aonst ehs 

es mee a dg. haere mer “ya sad Fagyssev ott ie 

70 aa stasdens) at 
atas sboabor ROR Se foun 26-46 Saatatttann shh. ony ae “ae 

“ gelt wolsd atoynl nul? THpl2qed SAD, nintiw beer na oats bivote pe Yo 
(ager) azole bis pneu sa26?ieial aaz- Ate aad avods ae Thaw 6 3 
s nt Aeeet Hrobro9t \4 Wedeoeoue 44) Inebneqsb~isdmun-nogiy ; 

‘ : nt een a aot “wad aist at hot sstuarits boat vitinos ant Ye 

anit ‘baa ciger ‘ Garten bag pradmyta qrrer: te $6 tetera) arts 
os bund’ 4 5 (8E18) wef ease. ot Serban end to: beavent awe h) ‘peande 
‘aPratew qpae nk" ‘Yaatrogatny Niovitielas 2t aanite aiodtod ane yond fad’ 
oat to ad nes wesrise mosdod oF avewor verataw Fedeno> wol Teds «fait 6 fa f 
beats vomUt 24865 doue or Rta se batw ait. ea) ‘ebudtoane. a jade 
o0F oF body a funn? geants motsad GAT OF. evidiansa situp vie nina tua | 
ete fabor “nem Yd ‘boau. ngsd et ahh? (wow ) enoty thag9. qiferon: ant 
we vd bay loess ““hasaupebe-\at Aan hiye +entmet mig: Le eine, below at. 
ee Miw 2tat: .tsbom' fe5taemun oie, ne sites Ama ay Teak yyew ont gale . 



2.3 Time Scales and Dimensionless Parameters 

It is convenient to rewrite the above system of equations and boundary 

conditions in dimensionless form such that the relative orders of magnitude of 

the various terms become more apparent. However, it is instructive to first 

examine the time scales associated with the large scale motions in a lake. 

Assuming H and L as the reference lengths in lateral and vertical directions, 

U, as the reference velocity, and Ap as the reference density difference in 

Stratified flow, (Ay),. (Ay)p» (Ky), and (Ke GS the Rererenee celtly 

coefficients, several time scales can be defined as in Table 2.3. 

The list in Table 2.3-is not meant to be exhaustive. For example, two 

time scales for the turbulent thermal diffusion, Tth and Tey can be defined 

similar to Tq, and Tg, by replacing the eddy viscosities with the eddy 

diffusivities. The inverse of the Brunt-Vaisala frequency, 

n> = (1/, ap/az). the time scale of the lowest mode of free oscillation 

in a stably stratified fluid, can be used instead of Tgi- Other time scales 

will be mentioned at appropriate places later. A number of dimensionless 

parameters can be defined from the ratio of these time scales and are listed 

in Table 2.4. 

The time scales and dimensionless numbers so defined in Tables 2.3 and 

2.4 are very useful in comparing the relative importance of various terms in 

the equations of motion. If the Coriolis terms in the momentum equation is of 

order 1, then orders of the unsteady, nonlinear, lateral diffusion, and 

vertical diffusion terms are Un, Ro, Ens and Bs respectively. 

2.4 Vertical Grid Resolution 

Two types of vertical grid are generally used in the finite-difference 

models of coastal currents. In the first type, the vertical domain of the 

water body is separated by layers of constant depth as was done by Leendertse 

and Liu (1975). Although the overall features of the flow field may be wel] 

represented, this type of grid has two potential problems: (1) unless a large 

number of layers is used, there is generally insufficient resolution in the 

shallow nearshore region and hence the nearshore dynamics is_ poorly 

represented, (2) continuous variation in the bottom topography cannot be 
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easily resolved with a regular rectangular grid. Because of the second 

problem, estimate on bottom flow and stress may be distorted. Although an 

irregular grid spacing may be used at the bottom to better resolve the 

topography, it makes the finite difference treatment of the bottom cells more 

cumbersome. 

The second type of grid is a vertically-stretched grid, the so-called 

o-stretching, which leads to a smooth representation of the topography and, 

additionally, the same order of vertical resolution for the shallow and deeper 

parts of the water body. Basically, the vertical coordinate z is transformed 

into a new coordinate o: 

gj) 2 ent) (2.21) 
h(x,y)+o(x,y,t) 

Using this relationship, the water column at any location between z=¢ and 

z=-h is transformed into a layer between o=0 and o=-l. (Figure 2.1). This 

transformation introduces additional terms to the equation of motion 

(Appendix A). However, most of the additional terms introduced by the 

stretching are contained in the horizontal diffusion terms. Since horizontal 

diffusion is generally small compared to the vertical diffusion and horizontal 

advection, only the leading terms need to be retained in general. Significant 

simplification of the equations may result if one assumes that ¢<<h and hence 

o=z/h. However, this assumption may lead to some error if one intends to 

apply the model to shallow waters where flooding and drying of land may occur 

during storm surges. 
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2.5 Lateral Grid Resolution 

Earlier models of global ocean or lake circulations generally used a 

relatively coarse uniform rectangular grid in the horizontal direction of the 

computational domain. However, complex shoreline and bottom topography and 

islands often exist in a lake or coastal environment. To better resolve the 

shoreline geometry and internal features, and additionally allow proper 

coupling between the various regions of a coastal environment, a smoothly 

varying non-uniform grid can be used. As shown in Figure 2.2, a non-uniform 

horizontal grid in the real space (x,y) is mapped into a uniform horizontal 

grid in the computational space (a,y) by the following piecewise reversible 

transformations: 

Ge Cy 
BS Oy 2 De area yt byy (2522) 

where ay, by, Cy; ay» by and Cy are user-specified stretching coefficients 

(Appendix B). By applying a smoothly varying grid transformation, whose 

functional as well as first derivatives are continuous, many stability 

problems commonly associated with variable grid schemes are eliminated 

provided that all derivatives are centered in the stretched system (a,y,o). 

This lateral stretching does not add any extra terms to the equations of 

motion, although the stretching coefficients as defined by uy=da/dx and 

uy=dy /dy now appear in all of the spatial derivative terms. 

29 



aa 20 gattaertd pate il Ar BE : 
bie. wigergogor motiod bre. ‘gat erode. afanes ' 

ett sv lozs 4gaied at. tnaenmry evae Vaca Koa He 

outed woe bideenanaa ‘bom 

esnshai i909 oninsioise ‘bert tabae eeu Se e? as: wee ty 

‘s20rw..n0! Jamiotenerd bing gatyrey yinsoone 8 patytage eo) Z 

NBT rste | ‘ynem evount 4962) ais | tavttavtveb bent! ee haw 

i peasants sie 2wewase big Stdatsay Asiw baastoezen xf ness 

fours) mafaie bonatate, sta" al banat ave eevt fateh if ans ay Dae o~ 

gee Hictiune ond oJ ames sake te ‘the fon ey what eng at 

Be xb\ ob» "xi ys bun heb ea) eteetany tems. privdoien se) ona Hout 

ear avltaviwot int tage orig Lt Vis wh wae: won 



o=| 

Figure 2.1. Vertical stretching of the coordinates. 

Lateral stretching of the coordinates. 
Figure 2.2. 
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2.6 Grid Alignment 

In the present model, a staggered grid is used in both the horizontal and 

vertical directions of the computational domain (Figure 2.3). Along the 

shoreline, the normal velocities are zero or specified by river inflow or 

outflow. In the vertical direction, the free surface and the bottom both fall 

on the full grid points where the vertical velocities and turbulent fluxes are 

computed or specified. The horizontal velocities are computed at the half 

grid points in the vertical direction. Many models, however, use a vertical 

grid which computes the horizontal velocities at the full grid points 

including the free surface and bottom. Special finite-difference treatment 

was thus required for the boundary points. 

2./ Dimensionless Equations and Boundary Conditions in the 
Transformed Coordinates 

Dimensionless Variables 

It is convenient to write the above system of equations and boundary 

conditions in non-dimensional form and in the transformed coordinates (a, y, 0) 

by defining the following non-dimensional quantities: 

(u*, v*, w*) = (u, v, wL/D)/U, 

Cis B75 A) SMEG ig ALD) 

(Be Gy) = (Seo GP May De 

(at 5 a eave (2.23) 

SPP WE 5 WS (INV 6 et = gett 

Ay AW/ (An) > KH = Ky/(Ky)p > Oy = Dy/(Dy)p 

* * *« 

A, = AV/(Ay), 5 Ky = Ky/(Ky), Dy, = DY/(D,),. 
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where quantities with subscript r are reference quantities, and D and L are 

reference length scales in vertical and horizontal directions. Notice that 

(a,y) have been written into (x,y) for clarity. 

Dimensionless Equations 

Suppressing the asterisk (*) for clarity, the non-dimensional governing 

equations in the transformed coordinates become: 

Continuity: 

oe , B aHu , B OHV | 4 dw 

ot Hy ax Hy ay 00 ee (2.24) 

x-Momentum: 

latu_ a 4, _ Ro fatuy , aHuv , atu) | fv a (, au 
H at Wax H Wyax wy ay a0 

Ro : r) aH : ap WD 90 on pit) oe a Bi a ee i pdoy ob) | ier: (225) 
rou, o o 

r) du Q au 
— |A, —) +— [A + H.0O.T. 

( A aa uyey ( ; sa¥) 
+ 

=x 
er x< 

@ < 

y-Momentum: 

Drove eG 2) 2 RO} fahuy  ahvy okvan\e EV a A av 
H at wyay H \uyax yay aa y2 9a \ Y ao 
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Roe ap) aH ee - — H ay do + ay (f pdo + “) + ay (2.26) 

y 0 0 

E = Ce EO aa 
Wyey H2 00 ( v =) y 

Heat: 

1 aHT _ _ Ro / aHuT , aHvT | 4 swt 
H ot H Uy 9X yey 00 

Ro r) aT 

Pe D/L H230 («, at) (2-27) 

A Ro r) aHT A P) aHT + H.0.T 

PewH UydX Wy9X uyey Hyay 

Salinity: 

1 3HS _-— Ro f aHuS . dHvsS awS 
SEE as 8 SS ——_—  ——— + H SS, 

H ot H yx byey a0 

a (0. (2.28) 
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Equation of State: 

= Alls) (2.29) 

Qo 
where B=9D/L f , H is the sum of local depth and surface displacement, and the 

higher order terms (H.0.T.) containing horizontal gradients of the water depth 

can be generally neglected in the computation. The exact form of the equation 

of state is discussed in Appendix C. The vertical velocity in the stretched 

coordinates, w, is computed from: 

(of 

pts ae a ( a i ao © “2 I ( 2 n ie ae 

u es uyoy 
-1 ; x y (2.30) 

Dimensionless Boundary Conditions 

The boundary conditions, in the transformed coordinates and _ in 

non-dimensional form, at the surface (o=0) are: 

au av\ _ 
Ay i al = [1D (eases Toy) 

ioe oem ae 2230 (2.31) 

while at the bottom (o=-1) are: 

U 1/2 on eu oh _ Ee Bo Pan 
Ay ( a0” 90 is Ey (Ths> Thy) (ae Bre wea oe ie 

netp weet, Bag (2.32) 
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Along the shoreline where river inflow or outflow may occur, the 

conditions are: 

MS (5 5 GS SY (6 N75 GBT CAS 

Wee Vee Ys 0); SES (hk Ys o) (2.33) 

Along the open boundaries, either the surface elevation y is specified as a 

function of time and time, or the normal gradient of ¢ is set to zero: 

3 
c= (x, y, t) or a : (2.34) 

aS = 0) on ul = u(x, ys os tise We="v) (xciny) one time(s) 

The exact form of the open boundary condition depends on the relative 

importance of the various forcings including tides, winds, and baroclinic 

effects. Open boundary conditions will be discussed further in the realistic 

Simulations of the coastal currents. 
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2.8 External Mode 

In the present study, numerical computation of the internal mode, which 

is governed by the slower baroclinic vertical flow structure dynamics, is 

separated from the computation of the vertically-integrated variables 

(external mode), which are governed by the fast barotropic dynamics. This 

so-called "mode splitting" technique resulted in significant improvement of 

the numerical efficiency of a three-dimensional hydrodynamic model for Lake 

Erie (Sheng et al., 1978) and was detailed in Sheng and Lick (1980). 

Basically, it allows for computation of the three-dimensional flow structures 

with minimal additional cost over computation of the two-dimensional flow with 

a vertically-integrated model. 

Vertically-Integrated Equations 

The external mode, as described by the water level (zc) and the 

vertically-integrated mass fluxes (U and V), is governed by the following 

equations: 

WSs 7 ( aU ey Oe = 0 (2.36) 

H + toy - thy t fH (HD), do = - — 2% +d, (2.37) 
1 Vy ox 
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ro [- Regn aH s 4 aPa 
Fr2 aah pyoy pyoy hy oy 

: H = 6 2 me 
+ Tsy = thy ff H (H.D.)y do So by ay + Dy (2.38) 

where the vertically-integrated velocities are defined as 

Oo 

(U, V) =i H (u,v) do (2.39) 
1 

and (H.D.), and (H.D.)y represent the horizontal diffusion terms shown in 

Equations (2.25) and (2.26), respectively. Notice that simplifying 

approximations have been made in deriving the nonlinear terms shown in (2.37) 

and (2.38). A more general representation of these terms should include a 

unity-order multiplication factor which depends on the vertical shapes of 

horizontal velocities (Sheng et al., 1978). Due to difficulty in estimating 

the shape parameter which is usually a function of time and space, most 

vertically integrated models use the approximate nonlinear terms and hence 

underestimate the nonlinear effects. Chen (1981) attempted to account for 

this effect of a non-uniform velocity profile in a vertically-integrated model 

by introducing an internal stress term. In the present three-dimensional 

model, the nonlinear inertia terms can be accurately computed from the 

three-dimensional velocity field and hence no approximations are required of 

the vertical shapes of horizontal velocities. 
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Bottom Boundary Condition 

The bottom stress terms thy and tpy appearing in the above external mode 

equations are computed from the vertical velocity profiles, available from the 

internal mode computations, and the quadratic stress law (2.32). Conventional 

vertically-integrated models, however, compute the bottom stresses based on 

the vertically-integrated velocities through the following dimensional 

formula: 

: pt eee: 
(sbx> thy) = ee (Ue+v") (U,V) (2.40) 

where C. is the Chezy coefficient derived from analysis on one-dimensional 

pipe flows: 

/6 
Ce = Soail fh ; /n [cm/sec] (2.41) 

where n is the Manning's n in uvits of en. Values of Manning's n have 

been suggested for a variety of surface materials (e.g., Pao, 1967) in open 

channel flows. When such a formula is used to compute coastal currents, a 

great deal of effort has to be spent in tuning the Manning's n in order to 

achieve good fit between computed and measured results on _ surface 

displacements or volume transports. 
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2.9 Internal Mode 

Internal Mode Equations 

The internal mode of the flow is described by the vertical flow 

structures and the temperature and salinity distributions. Defining 

perturbation (not necessarily infinitesimal) velocities as u'=u-U/H and 

v'=v-V/H, the equations for the internal mode are obtained by subtracting the 

vertically-averaged momentum equations from the three-dimensional equations: 

D ' 
1 oHu' Xx 8 P) Hu'+U — oes t See A = eee 2.42 

Hit Bs H Hy? a0 V 90 ( H ) ( ) 

' D 
a oHv B eo ENG pele 

H H 

) ae oi te || 0 aa (2.43) @ 

ae 

F < 

Sel] 5 

+ < 

~~ 

where B, and B,, defined in (2.25) and (2.26), represent all terms in the 

transformed ere ees, momentum equations except the surface slopes and 

the vertical diffusion terms, and D, and Dy are defined in the 

vertically-integrated equations (2.37) and (2.38). Notice that the above 

equations retain the three-dimensionality and hence are different from the 

model of Nihoul and Ronday (1982), which is actually a superposition of a 

lateral two-dimensional model and a vertical one-dimensional model. 

The above equations do not contain the surface slope terms and hence a 

large time step (much larger than the limit imposed by the gravity wave 

propagation) may be used in the numerical computation. The internal mode also 

includes equations for temperature, salinity, and vertical velocity as defined 

BYR EGS ou ((2a2y am (Ceo) a anGa(2es0)) 
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Turbulence Parameterization TCU SUNS UU SUES NOULCU 

At this point, it is appropriate to discuss the parameterization of 

turbulence in the present model. A semi-empirical theory of vertical mixing 

is used in this study. The effect of stratification, as measured by the 

Richardson number, Ri, on the intensity of vertical turbulent mixing is 

parameterized by a number of empirical stability functions: 

Ay = Bye OIE Ky = hyn OLR Dy = Bay ORME (2.44) 

where 

2 all 

pi = ath = 2 + &) (2.45) 
yatiegy PS jl \ be : 

where Avo» Kyos and Dvo are the eddy coefficients in the absence of any 

density stratification and 12 oo: and >, are stability functions. Typically 

they are written as: 

@, = (1t0,Ri)™: 5 6, = (1toRi)™2 5 4, = (1to,Ri)™s (2.46) 

where the constants o oO, mM, m,, and m., are generally determined » Ons 

empirically by ae fer output with ee data. As shown in Figure 

2.4(a), great discrepancy exists among the various empirical forms of the 

stability functions. Much of the discrepancy resulted from (1) the difference 

in numerical schemes used; (2) the different turbulent regime of the water 

bodies studied; and (3) the difference in resolution of the model and the 

measured data. In addition, the critical Richardson numbers, at which 

turbulence is completely damped by buoyancy, given by these formulas are much 

too high compared to the measured value of 0.25 (Erikson, 1978). To unify 

this discrepancy, stability functions may be determined from a second-order 

closure model of turbulence (Appendix D). Assuming a balance between 

turbulence production and dissipation, i.e., the so-called "“super-equilibrium" 

condition (Donaldson, 1973), we can obtain a simpler set of algebraic 

relationships between the turbulent correlations and mean flow gradients. As 

shown in Figure 2.4(b), such a stability function leads to a critical 
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(a) 

Blumberg 

Kent & Pritchard 

Bowden & Hamilton 

Munk & Anderson 

(Ri) 

O 2.5 5.0 Tes) 10 

(b) 

Figure 2.4. (a) Empirical stability functions of vertical turbulent 

eddy coefficients. 

(b) Stability functions determined from a second-order closure 

model of turbulent transport. 
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Richardson number on the order of 0.5, much closer to the correct value of 

0.25. For simplicity, the stability function $5 for salinity is assumed to be 

the same as ¢, for temperature. 

The eddy coefficients in the absence of any stratification are assumed to 

be of the following form for Ayes 

UA 2 2| 99> 
A, =— (=) + (ca) (2.47) 

fo) al 00 00 

where A iS a length scale. In general, A iS assumed to be a _ parabolic 

function of o with its peak value at mid-depth not exceeding a certain 

fraction of the local depth. 

Although lateral eddy coefficients (Ay, ~ 10 fo 10° cm/sec) are 

typically several orders of magnitude higher than the vertical eddy 

9 VL eo 107 cm/sec), the net effect of lateral turbulent 

diffusion is generally small compared to the lateral advection and vertical 

coefficients (A 

turbulent diffusion, except within the thin lateral boundary’ layers. 

Murthy (1976) found that the lateral mixing in the open waters of Lake Ontario 

increases with the size of the tracer cloud. With a cloud size of 1 km, his 

formula gives a lateral diffusion coefficient on the order of 10° cm/sec in 

the epilimnion, while a value two orders of magnitude smaller in the 

hypolimnion. Csanady (1963), on the other hand, measured a much smaller value 

of 400 cm/sec in the epilimnion under similar conditions. Numerical 

experiments in Lake Erie (Sheng, 1975) indicate that the lateral diffusion 

coefficient has little effect on the large scale circulation. 

For the first grid point above the bottom, the vertical diffusion terms 

in Eqs. (2.42) and (2.43) contain the bottom shear stresses. A quadratic 

stress law with a physically meaningful drag coefficient, as shown in Eqs. 

(2.19) and (2.20), derived from boundary layer dynamics, is used. The 

physical roughness of the coastal environment is correctly reflected in such a 

formulation. 
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3. NUMERICAL ALGORITHMS 

3.1 External Mode Algorithm 

Treating implicitly all the terms in the continuity equation (2.36) while 

only the time derivatives and the surface slopes in the momentum equations 

(2.37) and (2.38), one can obtain the following finite-difference equations: 

(T+pr tory WOT = [1+ (1-9 )At(I-9 )ayIW" + td" (@.0) 

where 

,, = At Ee BAee 

LISS ST it A 

Of © QO @O ) o 

ni OO) 0 0 0 Dy U 

A = 5 bs 5 6 DS eis 
07 0" 0 i © © DY Vv (3.2) 

where I is the identity matrix, (Ax,4y) are the horizontal grid spacings, At 

x and Dy are terms in Eqs. (2.37) and (2.38) excluding the 

time derivatives and the surface slopes, superscripts n+l and n_ indicate 

is the time step, D 

present and previous time step of integration, 45, and by are central 

difference spatial operators, and ¢ is a weighting factor, O<o<l. If =0, 

Eq. (3.1) reduces to a two-step explicit scheme. If ¢>0 the resulting schemes 

are implicit, with ¢=1/2 corresponding to the Crank-Nicholson scheme and $=] 

corresponding to the fully implicit scheme. Factorizing equation (3.1) and 
2 

neglecting terms of O(4t ) yields the following equations: 

X-sweep: (1+pa,) We = [1+(1-9)a,+(1-2¢)ay] w'+atd" (3.3) 

y-sweep: (I+pdy) worl - y* 4 ory wo (3.4) 
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The two equations can be solved consecutively in an efficient manner by 

inversion of tridiagonal matrices in the x direction (x-sweep) and y direction 

(y-sweep)- Furthermore, only two variables need to be solved during each 

sweep thus resulting in significant saving than solving the original equation 

(3.1). The main advantage of this implicit method is that much larger time 

step can be used. Courant number based on the maximum propagation speed of 

the surface gravity wave, (Ganley At/A4x, may now be as large as 100, 

compared to the limit of 1 for explicit method. The maximum time step is now 

governed by the advection speed in the system: 

om | 

rok «|| eee xs ngs ff ee (B55) 
x9 Ione x,y \ Hox Hay 

The traditional ADI method when applied to (3.1) uses a different 

factorization than the present method (3.3) and (3.4). It was found that the 

present method is more stable than the traditional ADI method (Butler and 

Sheng, 1982). At very high Courant number, however, the present method may 

have a stability problem when waves are propagating along the diagonals of the 

grid. A rule of thumb is to stay within a Courant number of 10. 

Alternatively, one can derive a Poisson equation for ¢& from Eqs. (2.36) to 

(2.38) and solve it with iterative or direct methods. 

3.2 Internal Mode Algorithm 

Treating the internal mode equations (2.42) and (2.43) with a two-level 

scheme and a vertically implicit scheme, one obtains the following finite 

difference equations: 

ytd n+] A DY At = + ae un u Uu At By H + 7) 

n+] ntl ntl, n 
re (+ ul AWM ay A) 

(3.6) 

n+1 +] D +1 ntl Pal H ey eet At (s, 3) +32 Bey Se (." yn /yrsye My 
fo H (307) 
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The bottom friction terms in both equations are also treated implicitly 

to ensure unconditional numerical stability in shallow waters. The vertical 

implicit scheme is essential since applying an explicit scheme in shallow 

water environment may require an exceedingly small time step on the order of a 

few seconds. In addition, care must be taken to ensure that the 

vertically-integrated perturbation velocities at each horizontal location 

(i,j) always equal to zero: 

Kmax Kmax 

De onl cilsiakiane De eaies © (3.8) 
K=1 K=1 

The computations of the u' and v' equations are governed by a stability 

criterion similar to equation (3.5), except with the vertically-integrated 

velocities replaced by the local three-dimensional velocities. After yintl 

and yintl are obtained, u and v can be computed from: 

pnt) = yprntl + ntl pyn+l (3 9) 

yntl & yintl + yntl jyntd (3 10) 

Following these, the vertical velocities wrtl and wrrd can be computed 

from: 

+] B K AHu , AHy \ "tl 
BRIT Face tony Md (Eran ETE Ag H Kay \Yxdx by Ay 

KM n+] 
ve a cae =| Ao (S528) 

n+l on 
wntl = ye] gntl 4 Ho foe (3.12) 
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After the velocities are computed, the code computes the temperature, 

salinity and sediment concentration if so desired. These equations are solved 

with the same two-time-level scheme and implicit vertical diffusion treatment. 

3.3 Flow Chart 

A flow chart of the solution algorithm is shown in Figure 3.1. The model 

can be run exclusively in the external mode with fairly large time step and 

various choices of bottom friction formulation. The internal mode may be 

updated as often as desired so long as the CFL condition is not violated. 

3.4 General Numerical Consideration 

Time-Differencing 

Although the finite-difference equations derived above assumed a 

two-time-level scheme in general, three-time-level (leapfrog) scheme involving 

variables at ntl, n, and n-l th levels have also been tested for some 

idealized problems. The three-level scheme essentially introduces second 

order time derivatives and hence increases the order of the original 

differential equations. Two disjoint solutions will develop in time and this 

is the so-called "time-splitting" problem (Roache, 1972). Ad-hoc fixes 

developed to control this problem include time smoothing (Asselin, 1972; 

Simons, 1974) and an occasional switch to the two-level scheme. However, 

extreme care must be exercised to objectively monitor the time-splitting 

problem and to ensure the phases of gravity waves are not affected. If the 

time-splitting problem could be properly monitored and controlled, the 

three-level scheme does exhibit somewhat less numerical damping due to the 

time-centering of the advective terms. In the three-level scheme, however, 

the lateral diffusion terms in the momentum equations have to be lagged in 

time (n-1 th level) to ensure numerical stability (Roache, 1972). 
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SET DIMENSIONS OF PROBLEM 1. 

START 2. INITIALIZES PARAMETERS 

eles: ESTABLISH BOTTOM TOPOGRAPHY AND BOUNDARY GEOMETRY 

SPECIFY RIVER FLOWS 

COMPUTE DENSITY 

COMPUTE BAROCLINIC PRESSURE GRADIENT 

COMPUTE EDDY COEFFICIENTS 

EXTERNAL 

COMPUTE c* AND U (X-SWEEP) 

COMPUTE xc AND V_ (Y-SWEEP) 

1. 

2. 

1] 

2. 

YES 

COMPUTE u' AND v' 

COMPUTE u AND v 

COMPUTE w 

COMPUTE AND 1 Tey y FOR U AND V EQUATIONS 

COMPUTE SALINITY 

COMPUTE TEMPERATURE 

OUTPUT 

CHECK FOR STEADY STATE 

APPLY FILTER TO SOLUTION (IF NECESSARY) 

we STOP 

Figure 3.1. Flow chart of the three-dimensional hydrodynamic model. 
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Advective Schemes 

Numerical treatment of advective terms is a subject of long and 

continuing interest in the field of numerical analysis. Various second-order 

schemes and the more complex higher-order schemes have been considered for the 

present modeling effort. Arakawa, in a series of papers, (Arakawa, 1966, 

1970; Jespersen, 1974), compared various second-order advective schemes which 

are classified according to their Jacobians. For example, the J-1 scheme 

refers to the non-conservative form, the J-3 scheme refers to the conservative 

form, while the J-6 operator is a combination of J-1 and J-3 schemes. The J-6 

operator outperforms the others due to its ability to conserve both the mean 

square vorticity and the kinetic energy in long simulations. Other 

alternatives also exist, including the fourth-order scheme, the spline method, 

and the fully implicit advective scheme. 

It was of particular interest to see if the formally more accurate but 

much more complex fourth-order scheme would allow a reduction in the number of 

grid points and computational cost to achieve the same order of accuracy as a 

second-order scheme. For a one-dimensional, two-point boundary value problem 

and a two-dimensional simulation of the evolution of a Lamb vortex where 

analytical solutions exist in both cases, our second-order method (the 

implicit version) was compared with several higher-order methods: (1) the 

compact implicit block tridiagonal scheme by Kreiss (1975), (2) a similar 

fifth-order scheme by Thiele (1978), and (3) the operator compact implicit 

scheme by Hirsh (1975). The tests were performed with a very small time step 

such that the numerical errors were primarily due to the spatial differencing 

(Hirsh and Williamson, 1979). The overall efficiency of an advective scheme 

could be defined as the ratio of the inverse relative error to the amount of 

computational work (CPU time). It was found that the relative error decreases 

with the number of grid points, with the fourth-order scheme showing a faster 

rate of decrease. On the other hand, the computational work increases with 

the number of grid points, with the fourth order scheme showing a faster rate 

of increase. The net result is that at a relative error of 5% or more, all 

the schemes require a comparable number of grid points and have comparable 

overall efficiencies. The higher-order schemes only gave significantly better 

overall efficiency at a 1% error level or less. Since it is virtually 
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impossible to achieve such a low error level in simulating complex coastal 

currents due to uncertainties in model parameters and numerical errors from 

other terms, implementation of a complex fourth-order scheme to numerical 

hydrodynamic models does not appear to be justified. 

A flux-corrected transport (FCT) method, suitable for simulating flow 

Situations involving discontinuities and sharp gradients (e.g., shockwave, 

thermocline, front), has been developed by the NRL group (Boris and 

Book, 1976; Zalesak, 1979). This is a two-step method based on the 

combination of a lower-order advective scheme (with relatively high numerical 

diffusion but little numerical dispersion) and a higher-order scheme (with 

little damping but higher numerical dispersion). In the first step, a lower 

order calculation is performed. A higher-order scheme is then applied to 

compute the advective fluxes and the "“anti-diffusive fluxes", i.e., the 

differences between the higher-order and the lower-order fluxes. The second 

step, a corrective step, adds a limited amount of anti-diffusive fluxes to the 

lower-order solution such that the new solution is free of overshoots or 

undershoots. The FCT algorithm was able to accurately resolve shocks and 

Sharp gradients with no apparent penalty in regions where they are absent. 

Using the second upwind scheme as the lower-order scheme and a second-order 

scheme as the higher-order scheme, this FCT scheme has been applied to 

Simulate the transport of a concentrated patch of passive contaminant by 

wind-driven currents in an idealized basin (Sheng, 1981) and was found to 

yield much better results than the one-step results of a lower-order scheme or 

a higher-order scheme. This study is included in Appendix E. 
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4. MODEL EVALUATION TESTS 

4.1 Computer Simulation of Vicksburg Tidal Flume 

Ippen and Harleman (1961) conducted experiments at the Waterways 

Experiment Station in Vicksburg, Mississippi to study the influence of various 

parameters on tidal motion. The experiments were performed in a uniform 

rectangular flume with one end closed while another end was connected to a 

large reservoir where sinusoidal tides were generated. The flume was 100 m 

long, 22.86 cm wide, and 15.24 cm deep. For their Test No. 29, the tidal 

forcing was: 

Bs 2nt 
c(0,t) = t cos (zx) (4.1) 

where & = 1.52 cm and T = 600 sec. For both high water and low water 

conditions, the water level at selected points along the flume are plotted in 

Figure 4.1. 

To test our three-dimensional numerical model, we ran a simulation of the 

Vicksburg flume. The parameters used are: hy = lh cm/sec, Cae 0.004, 

dx =5m, Ay = 4.56 cm, Az = 0.3 cm. As shown in Figure 4.1, the results 

obtained with At = 5 sec agree very closely with the measurements. Even at 

At = 30 sec, the results are only slightly off. 

4.2 Comparison with Analytical Results 

In this section, the vertically-averaged version of our model was used to 

simulate the tidal flow in a rectangular bight and the results were compared 

with the analytical solution. 

Consider a square basin of constant depth h and length L. The basin has 

vertical walls along the West (x=0) and the South (y=0), while open boundaries 

along the East (x=L) and the North (y=L). Neglecting the non-linear terms and 

horizontal diffusion terms, and also linearizing the bottom friction terms, 

One obtains the following governing equations in dimensional form: 
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Computer Simulation 

At =5 sec. 

—-—=— At =30 sec. 

© Flume Mode! (Vicksburg Flume Test No. 29) 

High Woter 

25 50 75 100 

Distance from Open End(m) 

Water Level Above MSL (cm) 

Low Woater 

Figure 4.1. Computer simulation of the Vicksburg Tidal Flume. 
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ab OK. nek a (4.2) 

eee gh ee : gh ax Fe 7 (4.3) 

OWE Ls vi 
ae ell By MEE (4.4) 

where h is the depth and F. is a friction coefficient carrying the dimension 

of velocity. 

The water level at the open boundaries are selected such that the 

resulting solution consists of the sum of two progressive waves propagating in 

the positive and negative x-direction, and two progressive waves propagating 

in the positive and negative y-direction. Thus (van de Kreeke and 

Chiu, 1980): 

(Clee = eG COsE [2a/(cosh 2yL + cos2kL)] 

x [(cosh py cos ky cosh pL cos kL 

+ sinh py sin ky sinh pL sin kL) cos ot 

(sinh py sin ky cosh wl cos kL 

+ cosh py cos ky sinh pL sin kL) sin ot] (4.5) 

and & at y=L can be represented by an expression similar to Eq. (4.5) with y 

replaced by x. In Eq. (4.5), 2a is the ciples, of the tide at (is eg SEL) 5 Gi 
22 2 

is the angular frequency of the tide, k, = o/(gh) zd. Gilg OUT 6S Pe 

The solution of this problem is: 

& =  2a/(cosh 2yL + cos 2kL) 
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x {[cosh pl cos kL (cosh p x cos kx + cosh py cos ky) 

+ sinh pL sin kL (sinh px sin kx + sinh py sin ky)] cosot 

- [cosh pL cos kL (sinh px sin kx + sinh py sin ky)] 

- sin pL sin kL (cosh px cos kx + cosh py cos ky)] sin ot} 

(4.6) 

U = (2a Vgh ko//u2+k7)/(cosh 2uL + cos2 kL) 

x [-(sinh wx cos kx cosh pL cos kL + cosh ux sin kx sinh wl sin kL) 

x cos (ot+é) 

+ (cosh wx sin kx cosh wl cos kL - sinh wx cos kx sinh wl sin kL) 

x sin (ot+0)] (4.7) 

where e=tanza(u/)e The expression for V is the same as Eq. (4.7) with x 

replaced by y. The above solution was first applied to a bight with L=150 km 

and h=10 m driven by a tide with 2a=30 cm and T=24 hrs. The bottom friction 

coefficient was assumed to be 0.1 cm/sec. The water level at an instant of 

time when c(x=L, y=L) = 0 and ¢(x=0, y=0) = maximum is shown in Figure 4.2. 

Figure 4.3 shows the corresponding velocity field. 

Eqs. (4.2) through (4.4), along with the boundary condition shown by 

Eq. (4.5), were then solved by the vertically-averaged version of our 

numerical model discussed in the previous chapter. The numerical solutions 

were computed with 4t=2 hrs and Ax=15 km. The computed water level and 

velocity field agree quite well with the analytical results at corresponding 

times. As shown in Figure 4.2, the water levels computed by our model compare 

very well with the analytical results over much of the bight. The numerical 

model underestimates the water level near the lower left corner by about 10%. 

The computed velocity field in Figure 4.3 indicates a somewhat smaller 
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Figure 4.2. Vertically-integrated velocities at an instant whence (L,L)=0 
and z (0,0)=max in an open bight driven by tidal waves along 
the open boundaries: (a) analytical results, (b) model results 

Figure 4.3. Surface displacements corresponding to conditions in 

Figure 4.2. 
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Magnitude than the analytical results. Notice that the numerical computation 

was made with a time step of 7200 sec which is much greater than that allowed 

by an explicit numerical scheme (~ 1000 sec). This is apparently responsible 

for the damping in the numerical solutions. 

4.3 Dominant Time Scales for Wind-Driven Currents in a Shallow Sea 

The general three-dimensional, time-dependent motion in a large shallow 

sea, with complex geometry and topography, as described the basic equations 

and boundary conditions in the previous section, is too complicated for 

analytical solution and can only be computed numerically. 

Under limiting conditions, however, the system of equations can become 

linearized and sufficiently simplified such that analytical solutions are 

available. Although idealized, these analytical solutions can provide much 

insight into the dynamics of the basin. In addition, they can be used as 

reference solutions for checking the results from complicated 

multi-dimensional numerical models. 

Steady-State Analysis 

Welander (1957) analyzed the steady-state currents in a homogeneous 

shallow sea, where non-linear inertia and lateral diffusion are negligible 

compared to Coriolis acceleration and vertical turbulent diffusion, and 

obtained the following analytical expression (in dimensional form) for 

horizontal velocities as a function of depth with wind stress and surface 

slope as parameters: 

u + iy = Simha(h+z) (1,41 te) _ ig (coshaz 1) (824; 25) (4,8) 
coshah d ale f coshah ax ay 

0.5 0-5 
where i=(-1) , A=(if/Av) , z=-h(x,y) is the bottom, and z=c(x,y) is the 

free surface. This solution represents the sum of the drift current, which is 

proportional to the wind stress, and the slope current, which is proportional 

to the surface slope. Despite its limitations, this solution has been the 

basis of many numerical models. 
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Time-Dependent Analysis 

The time-dependent, wind-driven currents in an infinitely long shallow 

basin with a free surface has been studied in detail by Haq, Lick, and 

Sheng (1974). Adding time-dependence into Welander's steady-state analysis, 

they analytically computed the unit drift current and the unit slope current 

and analyzed the various time scales of large scale motion by examining the 

asymptotic behavior and singularities of the integro-differential equation for 

the free surface displacement ¢. The results depend strongly on the following 

parameter: 

2 

p= 5° (15/7) (4.9) 

where D and L are the representative length scales in the vertical and lateral 

directions. The square root of the parameter can be looked upon as the ratio 

between the time scales associated with inertial oscillation and the surface 

gravity wave. Another parameter of importance is D/d, where d is the depth of 

frictional influence defined as n/(2Ay/f) 

In the limit of 8+© (rigid-lid approximation), ¢ is a_ linear 

combination of two solutions, one of which decays with a time scale TT) a 

viscous diffusion time 414) 2/5fd2 when D/d<<1 or a spin-up time 27D/fd when 

D/d>>1, while another solution decays with a time scale of Uy but oscillates 

with a period of T-2L/m(gd) (m=1,2,3,...), the period of seiches in a 

lake. In the limit of 8 +0, however, it exhibits a decaying oscillatory 

solution with a period T =20/f corresponding to inertial oscillation. In 

addition, there is a decaying solution with a decay time of 

T =T Lf -/m-n-g (m=1,2,3...) corresponding to the movement of fluid from one 

side of the basin to another under the action of a wind stress. For 

intermediate values of 8 corresponding to real basins, the general solution 

consists of: (1) a decaying part that has a decay time varying from T, to T, 

as g goes from » to 0, and (2) an imposed decaying oscillatory part with a 

decaying time of the order of Ws and a period of oscillation varying from Vs 

to i- as B goes from ~ to 0. The rigid-lid model approaches the steady state 

much quicker than the free-surface model and is only valid in the limit of 
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B > &e 

In contrast with the case of an infinitely long basin where there is a 

single oscillation with a period between T, and Ts the flow in a finite 

enclosed basin consists of the superposition of two different sets of waves as 

the result of interaction between the inertial oscillations and the surface 

gravity waves. Lamb (1932) analyzed the normal modes in a circular basin and 

found that the period of one of these waves is on the order of T,> while the 

period of the other wave goes from Ves to about 27, where g goes from ~ to O. 

Analytic solution in such a square basin, driven by a uniform wind stress, was 

obtained by Haq, Lick, and Sheng (1974) and was found to be quite similar to 

the solution in a circular basin. These important time scales are very useful 

for checking the accuracy of numerical results. 

Comparison With Numerical Results 

A free-surface model has been applied to examine the response of a square 

basin, with a constant depth of 10m, to an impulsive wind stress of 

1 dyne/cm*. Constant vertical eddy viscosity of 25 cm/sec was assumed such 

that E, = 0.025. Simulations were carried out in a number of basins with 

varying horizontal lengths, ranging from 40 km to 100 km, such that 8g varied 

from about 4 to about 0.01. In all the cases, due to the relatively small 

viscous effect, the transient results exhibited two distinct time scales 

indicating the interaction of two waves in the basin. For large values of 5b, 

as shown in Figure 4.4, one of the waves has a period (i) that corresponds 

exactly to the period of gravity waves (Tg) while another wave has a period 

(t) slightly larger than the inertial period (2nT;). As g is decreased, t, 

becomes larger than Tg and asymptotes to approximately 21 gs while We is 

increased only slightly. This agrees with the approximate analytical results 

discussed above. 
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Figure 4.4. Comparison between numerically- and analytical ly-computed 
dominant time scales of wind-driven currents in a square 
enclosed basin with varying B. 
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4.4 Effects of Bottom Boundary Condition on Wind-Driven Currents 

in a Shallow Sea 

Next we shall illustrate the effect of bottom boundary condition on the 

response of a lake under an impulsive wind stress. Consider a 50 Km square 

lake with the bottom varying linearly from 2.5 m at y=0 to 7.5 m at y=50 Km. 

At t=0, a wind stress of l dyne/cm= is applied in the x direction. Assuming a 

constant vertical eddy viscosity of 25 on ene. the vertical Ekman number 

ranges between 0.44 and 4.0. Based on the analytical results discussed above, 

for the present case T)=2.5 hrs, igs to 5.6 hrs, T,=17.5 hrs, and Mis is 

irrelevant since H/d << 1 and B is between 1 and 3. Numerical computations 

were performed with two types of bottom boundary conditions: (1) quadratic 

stress law with Cy,=0.004, and (2) no-slip condition, i.e., (ty, 

Thy) = pA, (u,, v, )/az where u, and v, are the horizontal velocities at Az 

above the bottom. The transient results (Figure 4.5) obtained with the 

no-slip condition clearly exhibit a decay time on the order of Uy but UA is 

not apparent in the results. With the quadratic stress law, qT, is apparent in 

the results and the decay time is more than doubled than the no-slip case, due 

primarily to the smaller bottom dissipation. At the steady-state, the 

vertical profiles of horizontal velocities due to the two different boundary 

conditions are quite different. As shown in Figure 4.6, the quadratic stress 

law yields a flatter velocity profile above the bottom much like a turbulent 

boundary layer over a flat bottom. The no-slip condition, on the other hand, 

yields a parabolic profile above the bottom resembling a laminar boundary 

layer. The large difference in the near-bottom currents computed by the two 

boundary conditions is of particular significance when considering the 

transport of sediments or other materials near the bottom. 
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Figure 4.5. Surface elevation and near-bottom velocity at selected points 
in a constant slope enclosed basin driven by uniform wind stress. 
Comparison among three numerical models. 
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Figure 4.6. Vertical profile of horizontal velocities at a point. 

Steady-state results computed by the three-dimensional model with 

two different boundary conditions. 
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4.5 Comparison of Vertical ly-[ntegrated Model 
versus Three-Dimensional Model 

As a comparison between the two-dimensional, vertically-integrated and 

the three-dimensional models, surface elevations computed by the 

two-dimensional model at selected locations are also shown in Figure 4.5. The 

quadratic stress law, as shown by Eq. (2.40), with a Manning's n_ of 

0.035 an was used in the computation. The computed surface elevations of 

the two-dimensional model agreed well with those of the three-dimensional 

model. Of course, the two-dimensional model cannot compute the vertical 

structure of horizontal velocities, as shown in Figure 4.6. 

The computed currents over the entire basin are also shown in Figures 

4.7. While the vertically-integrated mass fluxes in all three cases exhibit a 

counter-clockwise gyre, the detailed vertical structure of velocities show 

appreciable differences. The three-dimensional model with quadratic stress 

law gives the strongest bottom currents over much of the basin. The 

near-surface currents in this case are quite weak along the deep end and at 

some points are opposite to the wind direction. The three-dimensional model 

with no-slip condition gives weaker currents and somewhat different current 

structures. The two-dimensional model gives identical current structures at 

all levels. The corresponding results of surface elevation and bottom shear 

stress are shown in Figure 4.8. Hence it appears that in the unstratified 

case, by choosing a proper bottom friction coefficient, the 

vertically-integrated model can provide a reasonable estimate on the surface 

elevation and volume transport. Due to the lack of vertical resolution, 

however, the vertically-integrated model is not suitable for predicting 

transport of contaminants which are strongly influenced by the 

three-dimensional flow structures. 

4.6 Tidal Response in the Mississippi Sound - Idealized Basin 

The three-dimensional model has been applied to simulate the purely tidal 

currents in the Mississippi Coastal Waters. A 51 x 51 (3 km grid spacing) 

grid is applied over the idealized coastal area as shown in Figure 4.9. 

Idealized bottom topography is represented by the contour lines with an 

interval of 3 meters. Depth within the entire Mississippi Sound is less than 
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Bottom Stress: quadratic quadratic 
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Figure 4.7. Steady-state velocity field in the enclosed basin. 
Results from three models. 
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Figure 4.8. Surface elevation and bottom shear stress in the 

enclosed basin. Results from three models. 
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Figure 4.9. Simplified geometry and topography for the Mississippi 
Sound and adjacent coastal waters. 
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4m. In the numerical computation, 5 vertical levels are generally used. 

Although somewhat idealized, the model basin does include the major barrier 

islands (Dauphin Island, Petit Bois Island, Horn Island, Ship Island, and 

Chandeleur Island) and part of the Mobile Bay. An open boundary extends along 

the South (x=L) and the East (y=L). 

Initially, the entire basin is assumed to be quiescent with c=0 

everywhere. Flow is forced by the following boundary conditions along the 

open boundaries: 

epee o(x)] L-x 
G= Ga Sin ; o(x) = (4.10) 

¢ T YHavg 

where Havg is the average depth between x and x=L along the open boundary. In 

the following computation, c, is assumed to be 30 cm and T is taken as 24 hr. 

The three-dimensional model with the boundary conditions given by 

Eqs. (2.31) and (2.32) was run for 4 days until the results reached a 

quasi-steady state. Constant vertical eddy viscosity of 200 cm*/sec and Cq of 

0.04 were used in the computation. We will present detailed velocity 

distribution at the flood tide. 

The tidal currents within the Mississippi Sound and adjacent waters at 

the end of 4 days are shown in Figures 4.10. Due to the shallow depths, the 

mass fluxes in the Mississippi Sound and the Chandeleur Sound are much weaker 

than those in the deeper offshore waters. However, as shown in Figures 

4.10(b) and 4.10(c), the horizontal velocities in the shallow Sound and the 

deeper offshore waters are actually quite comparable in magnitude. Currents 

on the order of 15 cm/sec exist within the major passes. Since we are 

concerned with the transport of sediments in the area, it is interesting to 

examine the distribution of bottom shear stress. Figure 4.10(d) indicates 

that relatively high shear stresses exist within the major passes and around 

the Chandeleur Sound. It is expected that during spring tides, shear stresses 

in these areas may be sufficient to cause entrainment of the sediments, thus 

leaving behind the coarser sediments. This is consistent with the sediment 

distribution map (Figure 1.3) which shows coarser sediments around these 

areas. 
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Tidal currents and bottom shear stress within the 
Mississippi Sound and nearby waters after a four day 
simulation: 

(a) vertically-integrated velocities, 

(b) velocities at o=-0.1, 

(c) velocities at o=-0.9, 

(d) bottom shear stress. 
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Based on these results, a preliminary estimate indicates the average flow 

through the passes is approximately 1.8 x 10° CFS, which is very close to the 

estimate by Escoffier (1978) as referenced in USAEMD (1979). It is also 

interesting to note that the maximum shear stresses occur within the major 

passes. Such high shear stresses, even in the absence of favorable wind 

waves, may be capable of resuspending fine sediments in the area. 

The results at six hours later, although not shown here, indicate flow 

through the tidal channels has increased and near-surface currents are on the 

order of 30 cm/sec. The bottom shear stress has also become stronger. The 

near-bottom horizontal velocities as a function of time are shown in 

Figure 4.11 for three locations (see Figure 4.9) in the area. The phase 

relationship between u and v at the deeper location (I=21, J=28) is quite 

different from that within the Sound. 

4.7 Wind-Driven Response in the Mississippi Sound-Idealized Basin 

Strong winds frequently exist in the study area. The winds in the Gulf 

of Mexico are predominantly from the North in winter and South to Southeast in 

the summer; however, winds are stronger in the winter from the West and the 

Northwest and in the summer are not as strong but of equal strength in all 

directions. The land winds are stronger in the winter but no direction is 

dominant, and in the summer the strongest land winds are from the South to the 

Southeast. Occasionally, hurricanes of destructive force hit the area. 

Currents and water level induced by the strong winds can be much greater than 

those induced by the tide and hence are of primary interest to us. 

2 
Assume at t=0, a uniform wind stress of 3 dyne/cm (corresponds to a wind 

speed of about 10 m/sec) is applied over the entire surface area impulsively. 

We have computed the response of the region for four different cases: 
2 2 

(1) 1,=+3 dypev/en (2) ty=+3 eype sen (3) 1,=-3 dyne/cm-, and 

(4) ty=-3 dyne/cm . Constant Ay of 200 cm /sec and Cy of 0.04 were used in 

the computations. 

Adiabatic boundary conditions are used along the open boundaries. 

Although this does not allow us to include the effect of shelf waves into the 

computation, the model can still simulate the local response of the study area 
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Figure 4.11. Horizontal velocities near the bottom (o=-0.9) as a 
function of time for three locations. 

69 



_) WXs81 A 

oe : asus i i 

: | ~ eae OU ; aes “Oa 
eo 

(1,83,0) 

“Hes 1a) 

es aiiecuhaie i ARAMA SOARS BE Sa nee 
“Ook “OYE O8t ear 

7 bat 4 -& RELR.O-nd) mrodiod ana Sat bela iaetaw ‘tahcosteae, whe i 

| snot so6T eaid3 OT, emt WwW liabissinnit PN 

; i ee LEE arent BEC a ; 



to changing wind conditions. As will be shown later, the response of the 

shallow Mississippi Sound to an impulsive wind is relatively fast, such that 

the flow within the Sound essentially reaches steady state before the end of 

one day. Thus, we can examine the maximum possible current and bottom shear 

stress within the Sound resulting from a given wind condition. To include the 

effect of open Gulf circulation (e.g., Loop Current) on the study area, an 

entire Gulf model may be required to provide the necessary boundary 

conditions. An alternative would be to measure the variation of major 

variables along the open boundaries throughout the simulation period. 

The response of bottom water to an impulsive wind stress of 3 dyne/cm* 

from the South is shown for three locations (B, C, and D, in Figure 4.9) in 

Figure 4.12. Within the Sound (B), the bottom current has reached steady 

state within an inertial period and hence the transient does not clearly show 

the inertial period. The response at the offshore location (C) is somewhat 

slower. At Location D, near the open boundary, the response is even slower, 

as manifested by the distinctive inertial period in its oscillatory bottom 

current. 

The mass fluxes, near-surface currents, near-bottom currents, and bottom 

shear stresses caused by the same wind over the area are shown in Figure 4.13, 

for a narrow coastal strip including the Sound. Notice that there is an 

appreciable difference between the surface currents and the bottom currents. 

While the surface currents generally have an onshore component, the bottom 

currents generally show an offshore component. High bottom shear stresses 

prevail in the area between Horn’ Island, Ship Island, and_ the 

Chandeleur Islands. The shear stresses due to the transient wind-driven 

currents may be much greater than those due to the tidal currents, and hence 

are more effective in causing resuspension of sediments. Results for other 

wind directions can be found in Sheng (1981). 
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5. DYNAMIC SIMULATION OF COASTAL CURRENTS WITHIN THE 
MISSISSIPPI SOUND AND ADJACENT CONTINENTAL SHELF 

The three-dimensional numerical model of coastal currents as described in 

previous chapters has been applied to simulate the tide- and wind-driven 

currents in the Mississippi Sound and adjacent continental shelf waters of the 

Gulf of Mexico. As shown in Figure 5.1, the horizontal grid is composed of 

116 grid points in the y-direction and 60 grid points in the x-direction. The 

smallest grid spacing in the computational domain is on the order of 1 Km. 

Figure 5.2 shows the bathymetry of the domain in meters. The domain consists 

of two open boundaries, one along the East and one along the South. Boundary 

conditions along these open boundaries must be properly prescribed. For the 

computation of tidal currents in our study, these boundary conditions are 

provided by a numerical tide model for the entire Gulf of Mexico (Reid and 

Whitaker, 1981). The numerical grid used in their study is shown in 

Figure 5.3. 

5.1 Tidal Currents 

Tides in the Gulf of Mexico 

Gulf tides differ from tides in most other places in the world due to the 

dominance of the diurnal components Kl, 01 and Pl collectively over the 

semi-diurnal components M2 and S2, except along the western Florida coast. 

Platzman (1972) and Hensen (1974) found that the period of the lowest mode of 

long gravity waves in the Gulf might be quite close to the diurnal tide 

period, hence suggesting a quasi-resonant condition. Garrett (1975) accounted 

for the possible influence of the tidal impedance of the adjoining seas, which 

can influence the possible reasonant modes. Reid and Whitaker (1981) 

developed a numerical tide model for the Gulf based on_- the 

vertically-integrated, linearized, Laplace tidal equations in spherical 

coordinates to portray the barotropic response of the Gulf to tidal forcing. 

Forcing at ports (Florida strait and Yucatan Channel) was also included with 

an impedance type condition. Detailed data from 20 tidal gages located in 

open coastal waters of the Gulf were used for the fine tuning of their model. 

Their study on the Gulf tides, while confirming that diurnal tide is primarily 

a co-oscillating tide driven by the adjoining Atlantic Ocean and Caribbean 

Sea, is by far the most complete and provides a useful option to supply 
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Figure 5.2. Bottom topography of the Mississippi coastal waters. 
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Figure 5.3. Lateral numerical grid used in the tidal simulation of 
entire Gulf of Mexico. 
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seaward boundary conditions for high-resolution, limited-area models such as 

ours. 

The water level response for a given tidal constituent is usually 

expressed in the following form (Shureman, 1941) in terms of the surface 

displacement c: 

c = F(t) A(A,o) cos [ wt + x - G (A,06)] (5.1) 

where A is the longitude, » is the latitude, A is the mean amplitude over 18.6 

years and G the Greenwich phase or epoch at given position (A,¢), w is tidal 

frequency, x is the astronomical argument, while F is the nodal factor, a 

slowly varying function of time. Tides at particular stations are 

characterized by A and G for individual constituents. In our study, A's and 

G's for 5 constituents (01, Kl, Pl, S2 and M2) along the open boundaries of 

our grid are supplied from Reid and Whitaker's model. Surface displacements 

at the open boundary stations are determined from a linear combination of 

those due to the five tidal constituents. 

Surface Displacement during a 5-day Simulation (9/20/80 to 9/25/80 

As a first example, tides during 20 Sept. to 25 Sept. 1980 (GMT) are 

computed with our three-dimensional model. The surface displacements at four 

stations (see Figure 5.1 for locations) within the Mississippi Sound are 

compared with measured data in Figure 5.4. Notice that the measured data have 

been filtered such that variations due to short-period oscillations on the 

order of a few hours or less are not included. In the beginning, diurnal 

tides dominate over the semi-diurnal tides. Towards the end of the five-day 

period, the diurnal tides become somewhat less predominant while the 

semi-diurnal tides became gradually more apparent. Good agreement is found at 

all stations. 

Surface displacement over the coastal area at the end of the third day of 

simulation is shown in Figure 5.5. The results exhibit variation in surface 

displacement from nearly zero along the open boundary to -7 cm within the 

Mississippi Sound, indicating the phase difference in tide. 
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Model Results 
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TIME CHBURS) 

Figure 5.4. Transient variation of surface displacements at four stations 
within the Mississippi Sound from 9/20/80 to 9/25/80. 

* A table for converting the U. S. Customary units of measure found in this 
report to metric (SI) units can be found on page xix. 
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MISSISSIPPI SOUND : FILE = TI3SOAX4 
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Figure 5.5. Surface displacement contours within the Mississippi coastal 
waters at 0 hr, 9/23/80. 
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In this simulation, a relatively large time step of 12 minutes was used 

for both the external and the internal modes. Seven grid points were used in 

the vertical direction. A relatively smooth bottom with a roughness length, 

Zo» Of 0.1 cm was assumed. A parabolic length scale, A, no more than 25% of 

the local depth, was assumed in the vertical direction. River inflows from 

six rivers were considered: Pearl, Jourdon Wolf, Biloxi, W. Pascagoula, 

Pascagoula, and Mobile. 

Currents during the 5-day Simulation (9/20/80 to 9/25/80 

The tide-driven horizontal currents at mid-depth are shown in Figure 5.6 

for two stations in the Mississippi Sound. Currents on the order of 1 ft/sec 

(30 cm/sec) exist at both stations. Again, reasonable agreement is found 

between data and model results. 

The horizontal velocity field at 1 m depth, after 3 days of simulation, 

is shown in Figure 5.7(a). Relatively large currents exist at the various 

tidal inlets and in the area between the Ship Island and_ the 

Chandeleur Island. Except in these areas, at this instant of time, bottom 

shear stress generated by the tidal currents are generally less’ than 

0.8 dyne/cm~. Hence, little sediment resuspension is _ expected. The 

horizontal currents at a constant depth of 10 m are shown in Figure 5.7(b). 

Within the Mississippi Sound and the Chandeleur Sound, the depths are 

shallower than 10 m and hence no currents are shown. 

The velocity field across a transect along the x-z plane, which crosses 

into the Mobile Bay, is shown in Figure 5.8. Large currents over the left 

portion of the domain represent flow through the narrow entrance into the 

Mobile Bay. Once through the entrance, the flow gradually decreases towards 

the head of the Mobile Bay. The distribution of eddy viscosity within a 

transect across the Horn Island Pass is shown in Figure 5.9. The values of 

eddy viscosity at this instant of time are generally less than 20 cm/sec. Of 

course, these values are functions of time. 
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Model Results 
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Figure 5.6. Transient variation of mid-depth velocities at two stations 
within the Mississippi Sound from 9/20/80 to 9/25/80. 
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Figure 5.8. Velocity field within a transect across the Mobile Bay 
Entrance at 0 hr, 9/23/80. 
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Figure 5.9. 

MISSISSIPPI S@UND : FILE = TI3DBX3 
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Vertical turbulent eddy viscosity field within a transect 
across the Horn Island Pass at O hr, 9/23/80. 
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Results of a 3-day Simulation (6/12/80 to 6/15/80 

The same basic model and parameters are used to simulate the tidal 

currents during a 3-day period during 12 June to 15 June 1980. This period 

corresponds to a spring tide and hence the surface displacements, as shown in 

Figure 5.10, are much higher than those during the previous simulation period. 

Again, good agreement exists at all the’ stations. Surface contours 

(Figure 5.11) indicate variation from -9 cm to -24 cm. 

The horizontal currents at selected stations throughout the 3-day period 

are quite strong and compare well with data (Figure 5.12). The velocity field 

at a constant depth of 1 m, at the end of the simulation period, is shown in 

Figure 5.13. The relatively stronger currents lead to a stronger bottom 

stress field as shown in Figure 5.14. Over much of the shallow waters, the 

bottom shear stress exceeds the critical shear stress for entrainment of 

sediment (0.8 dyne/cm’). Velocity field along a transect across the Mobile 

Bay is shown in Figure 5.15. 

Vertical eddy viscosity along a transect across the Horn Island Pass, 

shown in Figure 5.16, indicates an almost twofold increase from that in 

Figure 5.9. 

Results During a Five-Day Simulation (9/1/80 to 9/6/80 

The ability of the hydrodynamic model to simulate the tidal circulation 

in the Mississippi Sound has been demonstrated in the two previous 

simulations. We will now present another 5-day simulation during 1 Sept. to 6 

Sept. 1980. The model computed surface displacements at four stations are 

shown in Figure 5.17. Diurnal tides are dominant during this time period with 

variation in surface displacement on the order of 1 ft. In the following, we 

will present the detailed results at 6-hour intervals over one complete tidal 

cycle, from the 72nd hour to the 96th hour. Residual currents over this tidal 

cycle are also presented. This will enhance our understanding on the detailed 

tidal dynamics in the Mississippi Sound. In addition, it will provide a basis 

to better interpret the sediment transport simulations during this time 

period, which will be presented in a subsequent chapter. 
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SUAS ISIS VsP ZN (aly 4c tis) 

(a) 

Oo. 20. 40. 100. 120. 60. 
TIME (HBURS) 

SURFACE ELEVATION AT 30.56 

oO. 20. 40. 100. 120. 60. 
TIME (HBURS) 

Figure 5.10. Transient variation of surface displacements at four stations 
from 6/12/80 to 6/16/80. 
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Figure 5.10. Transient variation of surface displacements at four stations 
from 6/12/80 to 6/16/80. 
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MISSISSIPPI SBUND : FILE = TI3SDBX3 
SURFACE DISPLACEMENT AT TIME = 72.0 HBURS 
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Figure 5.11. Surface displacement contours within the Mississippi coastal 
waters at O hr, 6/16/80. 
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Figure 5.12. Transient variation of mid-depth velocity at two stations 
from 6/12/80 to 6/16/80. 
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Figure 5.13. Horizontal velocity field at 1 m depth at O hr, 6/16/80. 
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Figure 5.14. Bottom stress field at O hr, 6/16/80. 
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Figure 5.15. Velocity field within a transect across the Mobile Bay 
Entrance at O hr, 6/16/80. 
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Figure 5.16. Vertical turbulent eddy viscosity within a transect across 
the Horn Island Pass at O hr, 6/16/80. 
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Figure 5.17. Transient variation of surface displacement at four stations 
from 9/01/80 to 9/06/80. 

92 



; ‘on <a eR iron ey 

é aiebtl ia y t 

| ta. ss ‘ye ae TAyae a2 aie 
ql er ima ae: eer eran ene gee on mame cali 

Pe cis te bom: 
ye + omen aurmbtan aa ea 

oar eee ant ee pater iar en tut: 

e Anhaaneasa EEN cael” WERT Se ts 

Ses 

“ pnotinte mot ia nso faa soe¥aue ta ntansne \seabnett ; fs matt 
as Toa yeh ¢ badenrubtdl ib 



Variation of Results During One Tidal Cycle 

The surface displacement contours at 6-hour intervals throughout the 

tidal cycle are shown in Figure 5.18. At the beginning of the tidal cycle, 

j.e., 72 hours after the initiation of the simulation on 1 Sept. 1980, surface 

displacements in the area vary from -9 cm within the western end of the 

Mississippi Sound to about 12 cm along the southern open boundary. Variation 

in surface displacement along the southern boundary is approximately 4 cm, 

with an along shore pressure gradient directed to the west. Six hours later, 

at 78 hours, surface displacements within the Mississippi Sound have reached a 

peak value on the order of 20 cm. Along the southern open boundary, however, 

surface displacements have dropped to about 4 cm. Another six hours later, at 

84 hours, the situation is almost reversed from that at 72 hours. Surface 

displacements along the open boundary are on the order of -12 cm. Within the 

western end of the Mississippi Sound and Lake Borgne, surface displacements 

are on the order of 12 cm. It is also interesting to note that the 

along-shore pressure gradient is now directed towards the East. At 90 hours, 

the entire study area has negative surface displacements, ranging from -4 to 

-24 cm. At the end of the tidal cycle, 96 hours, the situation is rather 

similar to that at 72 hours. 

The horizontal velocities near the surface and near the bottom, at 

six-hour intervals, are shown in Figures 5.19 through 5.23. At 72 hours, 

near-surface currents on the order of 63 cm/sec exist within the tidal inlets. 

The near-bottom currents, however, are smaller by more than 20%. Currents 

through the tidal inlets are all directed into the Mississippi Sound. Six 

hours later, at 78 hours, the currents have decreased by approximately 50%. 

Currents within the western end of the Mississippi Sound, at this instant of 

time, have become relatively stronger compared to currents in other areas. 

Although most tidal inlets show flow into the Sound, outflows are found in 

Petit Bois Pass and Dog Key Pass. At 84 hours, strong currents on the order 

of 70 cm/sec are directed out of the Sound. Near-bottom currents are smaller 

than the near-surface currents by approximately 30%. Little flow exists 

within the western end of the Sound. At 90 hours, currents are again 

decreased in magnitude. It is interesting to note that flow is directed into 

the Sound through the eastern and central tidal inlets, while directed out of 
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SURFACE DISPLACEMENT AT TIME @F 78.0 HBURS 
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Figure 5.18. Surface displacement contours within the Mississippi coastal 
waters throughout a complete tidal cycle. 

(a) 72 hours after 6/12/80; 

(b) 78 hours; 
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Surface displacement contours within the Mississippi coastal Figure 5.18. 
waters throughout a complete tidal cycle. 

(c) 84 hours; 

(d) 90 hours; 
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Figure 5.18. Surface displacement contours within the Mississippi coastal 

waters throughout a complete tidal cycle. 

(e) 96 hours. 
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the Sound through the western tidal inlets and the Mobile Bay entrance. 

Relatively stronger currents are again found in the western end of the Sound. 

At the end of the tidal cycle, 96 hours, the velocity distributions are 

somewhat similar to those at the beginning of the cycle. 

Detailed velocity distributions along a transect through the Mobile Bay 

entrance are also shown at six hour intervals through the tidal cycle in 

Figure 5.24. 

Tide-Induced Residual Currents 

Ideally, residual current can be defined as that part of the current that 

is left after removal of all oscillatory tidal currents. In practice, 

however, residual current is referred to as that part of the current that is 

left after removal of diurnal, semidiurnal and higher frequency tidal signals. 

The tide induced residual currents can be caused by a combination of the 

non-linear inertia effect and the influence of complex geometry and bottom 

topography. Of course, residual currents may also be generated by winds, 

density gradients and river flows. 

Since the residual currents are usually a small fraction of the tidal 

currents, it is not easy to accurately compute them from measured current data 

except in such regions as the Bay of Fundy where residual currents on the 

order of 80 cm/sec have been recorded. However, it is relatively easy to 

compute the residual currents from a numerical model by time-averaging the 

instantaneous tidal currents over a complete tidal cycle. Based on the tidal 

currents described in the previous subsection, we have computed the 

time-averaged currents over the 24-hour period which are shown in Figure 5.25. 

The residual currents during this period are very weak and constitute only a 

few percent of the instantaneous currents. However, stronger residual 

currents may occur during other tidal periods. Since residual currents can 

affect the long-term transport of contaminants within a coastal ecosystem, 

further quantitative study on this subject is warranted. 
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Figure 5.24. Velocity field within a transect across the Mobile Bay 
Entrance throughout a complete tidal cycle. 

(a) 72 hours; (b) 78 hours; 
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Figure 5.24. Velocity field within a transect across the Mobile Bay 
Entrance throughout a complete tidal cycle. 

(c) 84 hours; (d) 90 hours; 
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Figure 5.24. Velocity field within a transect across the Mobile Bay 

Entrance throughout a complete tidal cycle. 

(e) 96 hours. 
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Residual currents during the complete tidal cycle 

Near-bottom currents. 

on 9/04/80 

(a) Near-surface currents; 

(b) 

25. Figure 5 
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5.2 Wind-Driven Currents 

Effect of Wind on Tidal Currents 

The results presented in the above did not contain any wind-driven 

effect. During our study, wind data were collected at several meteorological 

stations surrounding the Mississippi Sound. The wind during the 5-day period 

between 20 Sept. and 25 Sept. 1980 was generally quite mild (~ 10 mph) from 

the southeast. To examine the effect of wind on the currents, we carried out 

a three-day simulation from 20 Sept. using a uniform wind stress of 1 dyne/cm* 

from the southeast. As shown in Figure 5.26, the southeasterly wind caused 

water to pile up within the Mississippi Sound at (I,J)=(22,62), outside 

Pascagoula Harbor along the northern shore. The wind resulted in a set-up of 

0.4 ft. The wind set-up at (I,J)=(30,56), however, is only 0.2 ft. due to 

the shielding effect of the Horn Island. 

The influence of wind on the current also depends on the location. 

Figure 5.27 shows the along-shore velocity at 2 locations over the 3-day 

period. At (33,28), off Cat Island, the presence of the wind did not have an 

appreciable effect on the tidal current. At (26,88), within the pass between 

the Mississippi Sound and the Mobile Bay, the wind caused significant flow 

from the Mobile Bay into the Sound. This resulted in a significantly larger 

bottom shear stress, which leads to the reduction in the amplitude of the 

tide-driven currents. 

Currents Driven by Southeasterly Wind 

2 
Currents driven by an impulsive wind stress of 1 dyne/cm from _ the 

southeast are computed by the three-dimensional hydrodynamic model. As shown 

in Figure 5.28, the near-surface currents after 1 day simulation time are 

generally less than 30 cm/sec. The near-bottom currents are 50% smaller. 
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SURFACE ELEVATION AT 22.62 
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—-—Tide Only 

so. so. 100. 120. 
TIME CHOURS) 

SURFACE ELEVATION AT 30.S6 

6o. ico. i2o. so. 
TIME CHOURS) 

Figure 5.26. Influence of wind on surface displacements at two stations 
from 9/20/80 to 9/24/80. 
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Figure 5.27. Influence of wind on mid-depth horizontal velocities at 

two stations from 9/20/80 to 9/24/80. 
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UV VEL@CITY AT TIME BF 24.0 HBURS AND SIGMA BF -0.125 

E 

MISSISSIPPI S@UND 
UV VEL@CITY AT TIME OF 24 

Near-surface and near-bottom horizontal velocities within 

the Mississippi coastal waters due to a southeasterly 
Figure 5.28 

wind stress of 1 dyne/cm 
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Currents Driven by a Westerly Wind 

Wind-driven currents in the Mississippi Sound depend strongly on the wind 

direction. For example, assuming a uniform wind stress of 1 dyne/cm from the 

west, our model results showed relatively stronger currents in the along-shore 

direction (Figure 5.29). Notice the near-surface and near-bottom velocities 

differ not only in magnitude but also in direction at some locations. This is 

partially associated with the pressure gradient caused by the wind set-up. As 

shown in Figure 5.30, wind set-up on the order of 20 cm occurs across the 

Mississippi Sound. The bottom stress distribution in the study area is shown 

in Figure 5.31. According to our laboratory flume study on the erodibility of 

the Mississippi Sound sediments, it is expected that the bottom shear stress 

generated by the strong westerly wind in winter will cause significant 

resuspension of sediments. The exchange of water mass between the Sound and 

adjacent offshore waters may result in transport of sediments into or out of 

the Sound. 

Effect of Lateral Boundary Condition 

The results shown in Figures 5.29 through 5.31 were computed with an open 

boundary condition assuming the surface displacement remained to be zero along 

the two open boundaries. While this condition is a reasonable assumption for 

the southern open boundary where the water is quite deep, it may be somewhat 

restrictive for the transverse open boundary along the east. To test the 

sensitivity of model results to the open boundary condition, we have performed 

a simulation with a zero surface slope condition along the eastern boundary. 

As shown in Figure 5.32, the near-surface currents and the near-bottom 

currents have increased from those in Figure 5.29 by more than 50%. Along the 

eastern boundary, currents are directed out of the computational domain. The 

zero surface slope condition may be valid in such a situation, but may not be 

valid where currents along the open boundary are directed into the 

computational domain. 
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Figure 5.30. Surface displacement contours within the Mississippi coastal 
waters due to a westerly wind. 
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Figure 5.31. Bottom stress field within the Mississippi coastal 
waters due to a westerly wind. 
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MISSISSIPPI S@UND 
UV VELOCITY AT TIME BF 24.0 HBURS AND SIGMA BF -0.875 

UV VELOCITY AT TIME BF 24.0 HBURS AND SIGMA BF -0.125 

Same as Figure 5.28 except with a different lateral 
boundary condition along the east open boundary. 

Figure 5.32. 
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Influence of Gulf Circulations 

Large-scale circulations in the Gulf of Mexico, such as the Loop 

Currents, may affect the coastal currents in the study area. To examine this 

effect, the limited-area grid used here needs to be coupled with a global grid 

for the entire Gulf. The dynamic coupling procedure as described in detail by 

Sheng (1975) could be used to ensure proper transfer of information from one 

grid to another. The basic hydrodynamic model described in this report could 

be readily extended to study the entire Gulf circulation. 

5.3 Density-Driven Currents 

Density gradients resulting from spatial variation in temperature and/or 

salinity could induce currents in coastal waters. Relatively strong currents 

could be induced in an estuary where the light fresh river water meets with 

the heavy salt water from the ocean. However, transient adjustment of the 

density distribution is a very slow process compared to the tidal response or 

the wind-driven response in coastal waters. To illustrate this, we have 

performed a simulation in a two-dimensional estuary with a length of 15 km and 

a uniform depth of 10 m. River flow with a uniform velocity of 10 cm/sec at 

all depths enters through the left boundary. Along the open-ocean boundary, 

the salinity distribution varies from 20 ppt near the surface to 28 ppt near 

the bottom. Initially, the salinity is assumed to vary linearly in_ the 

horizontal direction from the river to the open boundary. The simulation was 

performed until the salinity distribution within the estuary changes little 

with time. 

Current distribution at this steady state is shown in Figure 5.33. 

Strong surface currents up to 50 cm/sec are in the seaward direction while 

appreciable bottom currents on the order of 20 cm/sec are directed towards the 

river. The strong vertical shear is a direct consequence of the relatively 

small vertical eddy coefficient used (1 cm@/sec). The river inflow in this 

case is relatively strong. If the river inflow is reduced to 1 cm/sec, the 

Steady-state currents are reduced to approximately 15 cm/sec. Bottom 

topography could also affect the current magnitude. Within the relatively 

deeper navigation channel, the density-driven currents are usually stronger 

than those in the shallower surrounding water. The time to reach the above 
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100 CM/SEC (0) 1.6 KM 
——— or 

Figure 5.33. Steady-state currents driven by a fixed salinity 
gradient at the ocean boundary and fixed river flow at the 

land boundary. 
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steady-state is on the order of 5 days. If the dimensions of the estuary are 

increased, a longer adjustment time is required. 

Results of the above simulation imply that in any realistic simulation of 

density-driven currents, the specification of the initial density distribution 

is extremely important. For simulations on the order of a few days, the final 

salinity distributions and density-driven currents are extremely sensitive to 

the initial values of the simulations. During the previcus tidal simulations 

of the Mississippi Sound, salinity data was only collected within the Sound 

and no data was available in the offshore waters. Due to the relatively short 

simulation period (5 days), meaningful realistic simulation of the salinity 

field could not be performed without knowing the detailed offshore salinity 

distribution at the beginning of the simulation period. However, available 

salinity data indicate rather uniform salinity distribution within the Sound, 

in both the vertical and horizontal directions. The magnitudes of the 

density-driven currents are thus expected to be much smaller compared to the 

tide- and wind-driven currents. This is confirmed by the excellent agreement 

between the model's computed and measured currents, as shown in the previous 

sections. Density-driven currents should only be important during period of 

strong river inflows, particularly within the Mobile Bay. 

Salinity and temperature data were collected from the transect stations 

of the Mississippi Sound on 9/02/80, 9/03/80, 9/08/80, and 9/04/80. The 

results at 1 meter depth were interpolated onto our numerical grid and are 

shown in Figure 5.34. It is apparent that during this period spatial 

gradients in temperature and salinity should have a negligible effect on the 

currents. Vertical gradients in temperature and salinity are also very small 

during the same period. 

5.4 Return Currents in Bottom Waters 

It was demonstrated in Section 5.3 that return currents in the bottom 

water could be caused by fresh water inflow into a density stratified 

environment. 

117 



” v ik. ; ' 

Baath to. cote . 

: ee tak diets dilate a6 ag 9b: y 
a ‘eno detumts Tebit aubiieng, and ent 200%, ata 
com ait-atittw bexzat foo ‘elmo! 2ew teh wttat toe boii 

Mode ufavidaten adt ot 900 ersten arodet ia ant nf afdst f 
a _ Bhat ise UB Yo ‘ho tistunte: attet teas. Ivonne ‘elageb: 2) tal 
- a “atabtor srodetto bat isto. ony phtvons tupda He ‘beimdvisg 
a widetteve. yT8¥8WOH dot rag nofzetunta ont ‘Yer enianiped ony 
me baud ‘welt nlatiw notdudiade lb: ini fag settee sil:tines oder tbat 

fis to Rehoiitan onT. Shieh hala _fatnanton, ba, Ina terey | 

“thamesngs ee od ‘ee bose Finag ah aid? ehyeraps névia 
i “ewotvatiq: add nt nwore ae. AtAwyIND beveReN bos. hasygnog. a’ Yabe (oA) 
. mie meraed paftub i da at fo bt wane einey iw ital divabeiige: 

Lae ‘enoltes2 ‘Yasens7s ‘ont mond “paavetioa Bary tsb sruasagied bem, oturte’ 
edt B\EO\E baa ,OB\ao\e ,OB\EO\e” os\ sue Rica brine. fugheztezin: site | 
i i. #16 ons bitp Teatremun ue otne bsighoqnetnt. eeu High 4a som f th 2aty 

- ‘Tetteqe ‘batted 2tdd opatioh sand INSURE at: rt: hte sug HF ‘nh 
a oat he Farts -aldiptipen & syed bieods wtint ia ‘bite sutareqnet nt posts % 

theme yTav pels 446 Binidse Dinh a vu sesame y a arnetberg: feat rey ene 

ich bind on, ’ 

mi, “ ra ae argiad Las 200, at adnan). ies A 

) mostod sdf nt etnerws sites teddy Bue ‘notsage nt besententicaly ate « 
- Perthietse Vateneb @ otni aide hati! Seenk @ bode: ae ‘btm ‘oten 

Mee 



MISSISSIPPI SBUND =: DATE = 9/02/80 - 9/03/80 
MEASURED SURFACE SALINITY 

4 CBNTBURS = (PPT) 

16. 20. 24. 26. 

MISSISSIPPI SBUND : DATE = 9/08/80 - 9/09/80 
MEASURED SURFACE SALINITY 

S CBNTBURS : CPPT) 

16. 20. 24. 26. 28. 

Figure 5.34. (a) Measured surface salinity field on 9/02/80 and 
9/03/80. 

(b) Measured surface salinity field on 9/08/80 
and 9/09/80. 
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MISSISSIPPI S@UND : DATE = 9/02/80 - 9/03/80 
MEASURED SURFACE TEMPERATURE 

4 CBNTBURS : (DEGREE C) 
30.2 30.4 30.6 30.8 

MISSISSIPPI S@UND : DATE = 9/08/80 - 9/09/80 

MEASURED SURFACE TEMPERATURE 

4 CBNTBURS 

27. 28. 29. 30. 

Figure 5.34. (c) Measured surface temperature field on 9/02/80 
and 9/03/80. 

(d) Measured surface temperature field on 9/08/80 
and 9/09/80. 
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In addition, return currents in bottom waters may be caused by wind. To 

illustrate this, we present a simulation of Baines and Knapp's (1965) 

laboratory measurements on wind-driven currents in an open channel with two 

solid boundaries along the wind direction. Using the same uxD/v (~51,000) of 

their experiment, the model results in the middle of the channel are shown in 

Figure 5.35. The computed horizontal velocities shown in Figure 5.35(a) agree 

very well with the data and clearly exhibit the return currents caused by the 

wind-induced set-up. Figure 5.35(b) shows the vertical turbulent velocity w' 

and the vertical turbulent eddy viscosity Ay. w'/ux agrees quite well with 

Baines and Knapps' data. Although the vertical profile of eddy viscosity was 

not measured, the simulated peak value of A, is in agreement with their peak 

value estimated from their measured turbulence profile and a length scale 

equivalent to 20% of the water depth. 

Another situation in which return currents may exist corresponds to the 

formation and deeping of a thermocline. Two example calculations are 

presented in Figures 5.36 and 5.37. Both simulations start with a uniform 

temperature of 6°C everywhere in a two-dimensional basin 20 m deep and 100 km 

wide. In the first case, a uniform wind stress of 0.2 dmeyem is applied 

Simultaneously with a surface heating rate of 0.01 liane yace: The 

temperature and velocity distribution in the middle of the basin at the end of 

96 hours are shown in Figure 5.36(a) and 5.36(b). The temperature 

distribution clearly indicates the existence of a thermocline. Velocities on 

the order of 50 cm/sec exist in the mixed layer while return currents on the 

order of 15 cm/sec exist below the thermocline. The second case was computed 

with a wind stress of 0.5 araevens and a heating rate of 0.01 eail/fem see. As 

shown in Figure 5.37(a), a thermocline exists very near the bottom. Figure 

5.37(a) shows mixed layer currents on the order of 15 cm/sec, but stronger 

return currents up to 25 cm/sec near the bottom. 

The mixed layer calculations presented above correspond to extended 

periods of rather weak wind forcing and high heating rate. The presence of a 

stronger wind and/or tidal mixing would cause stronger turbulent mixing which 

may easily disrupt the sharp temperature and velocity profiles. During our 

study periods of the Mississippi Sound, since winds are stronger and heating 

rate are much lower, any pronounced vertical stratification is not expected to 
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Figure 5.35 Wind driven currents in an open channel. 
(a) Vertical profile of horizontal velocities. 
(b) Vertical profiles of vertical turbulent velocity 

and vertical eddy viscosity. 
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0.2 dyne /cm?2 re cal/cm?-sec 
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Figure 5.36 The formation and deepening of thermocline in a 20 m 
deep and 100 km wide basin with an anplied wind 
stress of 0.2 dyne/cm@ and a surface heating rate of 
0.01 cal/cm@-sec. 
(a) Temperature profile. 
(b) Velocity profile. 
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Figure 5.37. The formation and deepening of thermocline in a 20 m 
deep and 109 km wide basin with an applied wind stress 
of 0.5 dyne/cm2 and a surface heating rate of 0.01 
cal/cm@-sec. 
(a) Temperature profile. 
(b) Velocity profile. 
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occur within the Mississippi Sound where the water is only a few meters deep. 

This is confirmed by the rather uniform vertical profiles of measured 

temperature and salinity data. However, this may not be true in the deep 

waters where detailed vertical profiles are not available from measurements. 
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6. TRANSPORT, ENTRAINMENT AND DEPOSITION OF COHESIVE SEDIMENTS 

6.1 Transport Modes of Cohesive Sediments 

The dispersion of cohesive sediments in a coastal environment is affected 

by a variety of mechanisms, as shown in Figure 6.1. After entering into the 

water column from rivers or bottoms, the movement of sediments is influenced 

by the various transport modes including convection, turbulent mixing, and 

gravitational settling. Exchange between the suspended sediments and the 

bottom sediments is governed by the entrainment and deposition modes. 

The transport of cohesive sediments in the water column depends on the 

properties of cohesive sediments, the physico-chemical properties of the 

fluid, and the turbulence and the mean currents of the flow field. In 

general, a particle size distribution exists at any given point in the water 

column. Due to the dynamic nature of the flow field, this distribution is 

usually a function of time. In the following, the general nature of this 

particle size distribution will be first described. The various parameters 

that may affect this distribution will then be discussed. 

6.2 Particle Size Distribution 

In fresh water, cohesive sediments possess a relatively flat particle 

size distribution. This is illustrated in Figure 6.2 based on measurement of 

settling speed of cohesive sediments from the Mississippi Sound. Sediment 

particles can be approximately divided into six groups, each with a different 

median settling speed ranging from about 10 cm/sec to about 1 cm/sec. 

Assuming Stokes flow, these correspond to a relatively even distribution of 

particle sizes, ranging from about 4.3 um to about 135 um. It is apparent 

that, even in fresh water, due to coagulation and other causes, sediments 

often exist as flocs which are bigger than individual clay particles. To 

adequately describe the sediment dynamics, a mass conservation equation would 

have to be solved for each of the major groups of particles. However, 

relatively weak interaction exists among the various particle groups. 

As the salinity of the water is increased, due to the increasing cohesion 

of particles, coagulation of particles becomes increasingly important. The 

particle size distribution in Figure 6.2 shows that, at 30 ppt salinity, about 
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RIVER LOADING WIND WAVES (T ~ 2 to IO sec) 

Figure 6.1. Dominant mechanisms affecting the dispersion of 

sediments within a coastal environment. 
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Figure 6.2. Particle size (settling velocity) distribution of 
cohesive sediments in fresh and salt water. 
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60% of the sediment particles are concentrated within the size range of 

13.5 um to 42.8 um. Thus, for cohesive sediments in a coastal environment, 

the dynamics of sediment particle size distribution as influenced by the 

coagulation process have to be addressed in a comprehensive sediment transport 

model. Due to the sharper particle size distribution, however, relatively 

fewer particle groups need to be resolved in a salt water environment. The 

relatively stronger coagulation leads to frequent interactions among the 

various particle groups. Although the coagulation process is quite 

complicated, and a comprehensive working model is not yet available at the 

present time, we will assess the present state of the art of our understanding 

of the important parameters affecting this process. This would be the basis 

for future model development. 

6.3 Cohesion of Sediments 

In contrast to non-cohesive sediments such as quartz sand, which 

generally exists as individual particles, the inter-particle forces lead to 

cohesion among the fine-grained cohesive sediments. Cohesive sediments are 

comprised primarily of colloidal clay particles and fine silt which possess 

colloidal properties to a lesser extent. In general, cohesive sediments from 

a coastal environment also include a certain amount of organic materials, 

bacteria, benthos and their fecal materials. 

According to the difference in layer lattice crystal structures, clay 

minerals can be classified into three main types as kaolinite, illite, and 

smectite, with increasingly stronger clayey features. Within the individual 

crystals, positively charged cations occupy interior layers, and the negative 

charged hydroxy] and oxygen atoms occupy the platy surfaces. Positive charges 

are exposed at the crystal edges. The cations in the crystal lattice may be 

substituted by other ions of lower valence, thus producing a net charge 

deficiency which makes the surface negative charge even greater. With a smal] 

concentration of free ions in fresh water, electrostatic repulsive forces wil] 

be suppressed in favor of attractive van der Walls forces among individual 

clay particles. With increasing ion concentration in salt water, cohesion 

among particles is further enhanced and larger flocs can be formed. 
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In addition to the dependence on salt concentration, the cohesion among 

particles also depends on the surface charge density, the water temperature, 

the inter-particle distance, the valency of cation in water, the pH of water, 

and the kind of anions in water. The parameters of primary importance are: 

(1) total salt concentration, (2) cation exchange capacity which jis an 

effective measure of the clayey activity, (3) sodium absorption ratio which is 

proportional to the ratio of exchangeable sodium to calcium plus magnesium 

ions found in the diffuse layer of sorbed ions near the clay surfaces, and 

(4) pH of the water. 

Studies on the effects of various parameters on cohesion are generally 

carried out in low-turbulence laboratory settings. Although cohesion is the 

primary cause of particle coagulation in a low-turbulence environment, 

flow-induced collision among particles should play a more dominant role in 

determining the state of coagulation in generally turbulent coastal waters. 

Wind-induced turbulence in shallow coastal waters significantly increases the 

collision frequency among particles and brings about much enhanced coagulation 

among particles. Hence, to accurately resolve the sediment particle dynamics, 

turbulence must be accurately predicted. Sophisticated mathematical models 

(e.g., Sheng, 1982) are available for the prediction of turbulence in coastal 

waters. The roles of turbulence in affecting the particle collision and 

coagulation are described in the following. 

6.4 Turbulence and the Collision/Coagulation Process 

Dissipation Eddies in Coastal Waters 

Turbulence in coastal waters consists of the random motion of eddy 

structures, ranging from the largest energy containing scales to the 

dissipation scales where molecular viscosity comes into play. Due to the 

drastic difference in the vertical and horizontal dimensions in the coastal 

environment, we are generally concerned with the vertical eddies. Hence, the 

largest scale is on the order of the largest macro-length L, such as the depth 

of the water column, while the smallest scale is on the order of the 

JIGS Iea es A, defined in terms of the turbulent energy dissipation e=q°/A as 

Agz(n /e) » where q iS a representative turbulent velocity and n is the 

molecular kinematic viscosity. Similarly, a micro-time characterizing the 
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WZ) 
time scale of fluctuations of the dissipation can be defined as T5=(n/e ) 

2 
and a micro-acceleration within the eddy as dg=\5/T5- One can also BEC THIE ¢ 

micro-shear to characterize the velocity shear within the eddy as Coaua 2 

Magnitudes of these quantities for the range of turbulence dissipation rates 

encountered in a shallow coastal environment are shown in Table 6.1. 

Table 6.1 

Characteristic Quantities for Dissipation Eddies 
in Coastal Waters 

_il 
(m /sec ) (um) (sec) (---) (sec ) 

0.001 178 0.03 0.02 33.53 

Normal 0.01 100 0.01 0.1 100 
Condition 

0.1 56 0.003 0.6 333 

1 32 0.001: 3.26 1000 
Storm 

Condition 10 18 0.0003 20.4 3333 

Since the dissipation rate is preserved through uae cascade process, the 

fluctuation time of an eddy of scale 4 is t)=T,(A/4,) and the acceleration 

is eRe) te As the eddy size (4) increases, ™, increases while a) and 

G, decrease. 

Correlation Between Sediment Particles and Turbulent Eddies 

The extent to which sediment particles of a given size and density are 

influenced by the turbulence depends on the relative magnitude of the particle 

is the settling speed, versus the relaxation time t defined as W./g where w 

fluctuation Sees various turbulent Shae Uo UF T)>>T 5 the particle 

motion is completely decoupled from the turbulence of the flow field and hence 

there is no influence of turbulence on the particle collision. At the other 

extreme, if Tp <<T os the particles are completely correlated with all the 

turbulent eddies. The sediment particles experience an ensemble mean shear G 

comprising of contributions from all eddies. In between the two extremes, 
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particles will experience shear from those eddies with fluctuation times 1, 

equal to or greater than T,. 

Let uS now examine the relaxation time t, of sediment particles of r 

various sizes. For simplicity, we assume Stokes flow and hence the settling 

speed w. is proportional to the square of the particle radius. Assuming a 
3 

particle density (p,) of 2 gm/cm , the results are summarized in Table 6.2. 

Table 6.2 

Settling Speeds and Relaxation Times of Sediment Particles 

2 

er g(P.-P¢) 
Particle Radius Se 9np TR=We/Q 

(um) (cm/sec) (sec) 

-4 =7 
1 2.18x10 2.22x10 

-3 -6 
5 6.45x10 6.55x10 

= 5) 
10 2.18x10 2.22x10 

=) - 

50 6.45x10 6.55x10 
-3 

100 2.18 2.22x10 

-2 
500 54.5 6.55x10 

Based on the results in Tables 6.1 and 6.2, one can compute a critical 

particle radius r. at which the relaxation time t. is equal to the time scale C r 

of dissipation eddy tt ) under expected ranges of coastal turbulence 

(Table 6.3). 

Table 6.3 

Critical Particle Radii at Various Dissipation Rates 

2 3 
= (tr fee) Os0h WON Wen 1 10 

Fp (um) 367 ZUZT eG 67 37 
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The results in Table 6.3 indicate that, under normal conditions in a 

coastal environment, sediment particles with radii Jess than 100 um will 

completely follow the eddy motions. Under storm conditions, however, only 

particles with radii less than 30 um will completely follow the eddy motions. 

Considering the particle distribution shown in Figure 6.2, it is clear that a 

majority of the cohesive sediments from the Mississippi Sound will follow the 

turbulent eddy motions. At high turbulence during storm conditions, bigger 

particle sizes resulting from coagulation may exceed the critical radius and 

hence may be partially decoupled from the turbulent eddies. 

Basics of Collision/Coagulation Model 

Turbulence can affect the particle coagulation by increasing the 

collision frequency among particles in various size groups, through the 

turbulence induced shearing, turbulence induced acceleration, and 

gravitational settling. Since we are generally concerned with particles 

bigger than 1 um in radius, the effect of Brownian motion on particle 

collision is much smaller than the turbulent contribution, and hence can be 

neglected. The total collision rate per unit volume between two groups of 

sediment particles with radius (r,, r,) and number density (n,, n,) can be 

expressed as: 

N= Wy Wg © (Ryo fa) (6.1) 

where v is the collision kernel and can be expressed as (Saffman and 

Turner, 1956): 

Det e 2 PN) 
vy = (v, TOU v3) e (6.2) 

where Pits) Ven and v, are the contribution from turbulent shearing, turbulent 

acceleration, and differential settling. These are expressed as: 

(s) 2 
vy = AV,, ™ Ty 

(g) 2 
IBS Mery) ia Whe 
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Uae oo eae ie (6.3) 

S 
where ay?) is the effective relative velocity of the sediment bar Ete lle eats 

to the shearing motion linearly proportional to the shearing rate G, av, - is 

the absolute difference between the settling velocities of the two particle 

groups, and r is the collision cylinder radius equal to the sum of ry and 
12 

r Turbulent shearing dominates for smaller particles, while’ turbulent 2° 

acceleration dominates for bigger particles. Differential settling becomes 

increasingly important as the difference in particle sizes increases. 

The collision efficiency e is a function of the relative Reynolds number 

of the colliding sediment particles as well as the radius ratio of the drops. 

In addition, the effect of clay mineralogy and physico-chemical properties of 

the fluid in affecting the cohesion among particles can be included in this 

term. 

Development of a Comprehensive Model 

The first prerequisite in utilizing the above information is to have a 

dynamic model capable of predicting the turbulence of the flow field, in 

addition to the mean flow. The three-dimensional hydrodynamic model described 

earlier in this report can be extended to compute the turbulence of the flow 

field. This procedure is outlined in Sheng (1982). 

Next, to include the coagulation dynamics in the sediment transport 

model, sediment particles should be divided into several groups, each with a 

mean radius and a median settling velocity. Conservation equations for the 

number density and the mixing ratio of each of these particle groups can be 

derived. In addition to the convection by currents and the gravitation 

settling, these equations would incorporate the transition rates among the 

various particle groups based on the collision rates defined by 

Equation (6.1). 

Collisions among the very small particles generally lead to coagulation 

and formation of flocs. These flocs may further coagulate into even bigger 

flocs. As the flocs increase in size, the inter-floc cohesive forces decrease 

in magnitude. Hence turbulence induced collisions may lead to breaking up of 
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the bigger flocs. However, the bigger flocs are influenced by the weaker 

shearing rate associated with the larger eddies. The maximum attainable floc 

size depends on the type of cohesive sediments, the turbulence field, and the 

physico-chemical properties of fluid. 

We have laid out the steps for the development of a comprehensive model 

describing the coagulation dynamics of cohesive sediments. However, the 

complete development of such a model requires further studies and is beyond 

the scope of the present work. 

6.5 Settling Speed of Sediments 

In general, the settling speeds of a group of sediment particles depend 

on (1) particle Reynolds number, (2) distance of particles above the bottom, 

(3) turbulence, (4) salinity, and (5) particle concentration. Effects of 

these parameters are described in the following. 

For an individual particle settling in water, the terminal settling speed 

can be determined from a balance between the drag force and the gravitational 

force acting on the particle. At low particle Reynolds number, the drag force 

can be described by the Stokes law and the terminal settling speed is 

proportional to the square of particle radius as shown in Table 6.1. High 

Reynolds number effect needs to be included for non-Stokesian sediment 

particles. At very high Reynolds number, the drag coefficient asymptotes to a 

constant value and the terminal settling speed becomes proportional to the 

Square root of the particle radius. 

As a sediment particle settles through the water column and approaches 

within a few particle radii from the bottom, the drag force acting on the 

particle increases and the terminal settling speed is gradually reduced from 

its Stokesian settling speed. For smaller particles a few microns or less in 

radius, impaction becomes the major mechanism bringing particles to the 

surface. This will be discussed later in the section on deposition. 

As indicated in Figure 6.2, it is not always meaningful to assign a 

single settling speed to a group of cohesive sediment particles collected from 

the natural environment. Results for sediments from Site-2 and Site-4 are 

shown in Figure 6.3. To obtain sediment speed distribution resembling that in 
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SETTLING VELOCITY OF SITE-2 SEDIMENT 

(a) 

20 Fresh Wot % res ater 

10 

O 

30 

20 Salt Water 

10 

.e) ° -t -2 -3 -4 10 10 10 10 10 We (cm/sec) 
————— ee eee es ee 

135 42.8 13.5 4.28 135 d( pm) 

ae SETTLING VELOCITY OF SITE-4 SEDIMENT 

30 (b) 
Fresh Water 

20 

% 

10 

(@) 

40 

30 

Salt Water 

20 

10 

10° 10"! io? 1o”° 10-¢ We (cm /sec ) 
EE ee eee 

135 42.8 13.5 4.28 135 d( um) 

Figure 6.3. Same as Figure 6.2 except for sediments from 

(a) Site-2 

(b) Site-4. See Figure 1.3 for location of sites. 
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the natural environment, measurements were carried out in a settling cylinder 

without adding any dispersant to break up the flocs. Typical grain size 

analyses of the sediments, however, are carried out in a settling tube 

containing distilled water and 6.5 g/& of sodium hexametaphosphate, a 

dispersant used to prevent coagulation. The settling speeds determined under 

such a condition are generally much smaller, reflecting the abundance of 

smaller micron size particles. Using the same sediments as those used in 

Figure 6.2, settling speeds determined in this fashion are compared with those 

determined earlier. As shown in Figure 6.4(a), the median settling velocity 

determined by the grain size analysis is on the order of 0.002 cm/sec, 

compared to 0.05 cm/sec in sea water (30 ppt) and 0.02 cm/sec in fresh water 

(O52 ppt). Similar results obtained for Site-4 sediments are shown in 

Figure 6.4(b). 

As indicated in the previous sections, sediment particle’ size 

distribution and hence the settling speed distribution depend on the 

coagulation dynamics which is influenced by the turbulence and salinity of the 

surrounding water. Turbulence increases the collision, while salinity 

increases the cohesion, among particles; thus, both tend to shift the 

settling speed distribution towards larger values. Most settling speed 

measurements, however, have been carried out in low turbulence’ laboratory 

settings. Well-designed experiments are urgently needed to quantify the 

influence of turbulence on the settling speeds of sediment particles. 

At higher concentration of sediment particles, settling speed may be 

reduced due to hydrodynamic interference among the particles. This so-called 

"hindered settling" was studied by Batchelor (1972) in a dilute suspension of 

identical small rigid spheres with random positions in a Newtonian fluid. The 

settling speed is equal to (1-6.55 C) we, where C is the concentration and we. 

is the single particle settling speed in an unbounded fluid. 
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Figure 6.4. 
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A-Grain Size (p) 

B-Seawater Settling Velocity 

C- Freshwater Settling Velocity 
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Settling Velocity (cm/sec) 
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Site #4 
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B- Seawater Settling Velocity 

C-Freshwoter Settling Velocity 
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(a) Settling velocity of Site-1 sediments determined from 
settling cylinder measurements and grain size analysis. 

(b) Same as (a) except for Site-4 sediments. 
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6.6 Entrainment of Cohesive Sediments 

Entrainment of cohesive sediments occurs when flow-induced shear stress 

at the sediment-water interface exceeds the inter-particle or inter-floc 

cohesive force of the surfacial sediments. Suspended sediment particles in 

the water column exist as flocs of various sizes depending on the 

hydrodynamic, chemical, and biological conditions during the entrainment 

process. Entrainment occurs. primarily as a surface phenomenon. The 

hydrodynamic process within the relatively thin bottom boundary layer plays a 

predominant role in causing entrainment of sediments. Of course, the 

entrainment process also depends on properties of sediment and properties of 

interstitial and overlying water. Various sediment properties such as water 

content, organic content, and mineralogical composition have been found to 

appreciably affect the rate of entrainment. 

To obtain quantitatively accurate estimate on entrainment of cohesive 

sediments, the detailed flow dynamics within the bottom boundary layer needs 

to be analyzed first. Next, the entrainment rates for a variety of sediments 

under various hydrodynamic, chemical, and biological conditions need to be 

determined. Although these two problems are dynamically coupled, a 

comprehensive quantitative analysis is extremely difficult to carry out. As a 

first step, they have to be treated separately. Over the shallow coastal 

waters, interaction of the wave-induced orbital current and the slowly-varying 

tide- or wind-driven current generally takes place within the bottom boundary 

layer. Following a discussion on the bottom boundary layer dynamics, 

laboratory studies on determining the entrainment rate as a function of 

several important parameters will be presented. 
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6.7 Bottom Boundary Layer Dynamics 

Current-Induced Bottom Shear Stress 

For fully rough turbulent flow over a flat bottom in the absence of 

wave-induced orbital currents, the near-bottom currents are relatively steady 

and follow the logarithmic variation with depth: 

Ux 
ra [an a +o. ie | (6.4) 

where ux is the friction velocity, k is the von Karman constant, zo is the 

roughness height, ¢, is a stability function and L is the Monin-Qbukhov 

Similarity length scale. Under neutral stability, L=~, $.=0, and the velocity 

follows a simple logarithmic relationship. Within the bottom boundary layer, 

the shear stress remains relatively constant. With velocity measurements at 

two or more points, the shear stress and the roughness height could be 

determined. The above equation is the basis for deriving the drag coefficient 

formulation shown in Eq. (2.20). In shallow coastal waters, the depth of the 

constant flux region is on the order of a meter. 

In shallow coastal waters, wind waves are generally present and their 

effect can reach the bottom. The wind waves induce orbital currents which 

gradually decrease with the depth. Nearly-sinusoidal motion exists in the 

vicinity of the bottom. The boundary layer associated with this wave-induced 

oscillatory motion is generally much thinner than that induced by the mean 

currents. Consequently, for an orbital current comparable in magnitude to the 

mean current, wave-induced bottom shear stress is generally much stronger than 

the current-induced stress. 

Wave-Induced Bottom Shear Stress 

Detailed flow measurements within the wave boundary layer are scarce. 

Comprehensive data in a coastal environment is even more scarce. Based on 

limited laboratory studies (e.g., Jonsson and Carlsen, 1976), empirical 

formulae for estimating the bottom shear stress have been developed based on 

ad-hoc, eddy-viscosity models. Grant and Madsen (1978) were able to obtain 
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reasonable estimate on mean velocities measured by Jonsson and Carlsen, but 

were not as successful in predicting the phase relationship. Multi-layered 

(Kajiura, 1968) and time-dependent (Jonsson, 1980) eddy viscosities were used 

to achieve reasonable agreement between computed and measuredon mean _ flow 

variables. Drag coefficients varied from 0.01 to 0.08 when 

-amplitude-to-roughness ratio changed from 500 to 10. However, measurements of 

Riedel et. al (1973) indicated that the drag coefficient was 50% smaller over 

the entire range of amplitude-to-roughness ratio (Figure 6.5). This 

discrepancy was not explained by Jonsson or Reidel et.al. The shear stress 

value in Jonsson and Carlsen's experiments was not directly measured, but 

obtained indirectly from the time variation of mean velocities. In addition, 

none of the empirical analyses was able to accurately predict the thickness of 

the wave boundary layer and its variation with time, although Jonsson and 

Carlsen (1976) did measure the existence of a thin wave boundary layer within 

which a relationship similar to Equation (6.4) should hold. 

The uncertainties found in the experimental and empirical analyses lead 

us to perform a more rigorous analysis of the wave boundary layer. The 

analysis was carried out with a dynamic turbulent transport model which does 

not require any ad-hoc adjustments of the model parameters. Detailed 

simulation of Jonsson and Carlsen's experiment can be found in Appendix D of 

this report. The model was able to accurately predict the mean flow variables 

throughout a complete wave cycle. Further, the phase relationship predicted 

by our dynamic model agrees very well with data than did any ad-hoc 

eddy-viscosity model. In addition, transient variation of the thickness of 

the wave boundary layer can be predicted. Although our model prediction on 

shear stress agrees well with Jonsson and Carlsen's estimate at 8=180°, it was 

found that the model predicted shear stress is generally less than their 

indirect estimates over most of the wave cycle. We believe this is due to the 

error introduced in their indirect estimates of Shear stresses arising from 

the lack of time resolution in their mean flow data. In fact, their estimate 

On shear stress averaged over a wave cycle contains approximately a twofold 

Overestimation. Empirical bottom stress formula derived from fitting their 

data could lead to appreciable error. Although turbulent quantities were 

computed by our turbulent transport model, they were not measured by Jonsson 

and Carlsen. 
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002 

FRICTION FACTOR 
6.015 

AMPLITUDE TO ROUGHNESS RATIO 

Figure 6.5. Friction factors under a purely oscillatory turbulent 
boundary layer (from Riedel, et al., 1972) . 
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Wave-Current Induced Bottom Shear Stress 

Slowly-varying currents and wave orbital velocities generally both 

contribute to the generation of bottom shear stress in shallow waters. Eddy 

viscosity models have been used by Grant and Madsen (1979) and Smith and 

McLean (1977) to investigate this process. Based on certain assumed eddy 

viscosity profiles and a constant thickness of wave boundary layer, their 

models showed that the presence of the wave enhances the bottom shear stress 

induced by the mean currents. While relatively inexpensive to use on a 

computer, the eddy viscosity model necessarily requires more effort in 

parameter tuning and is also not expected to be valid under all varieties of 

turbulent flow. situations. To remove the empiricism from the model 

simulation, we have used a dynamic turbulent model to predict the wave-currert 

interaction within the bottom boundary layer. In the following, we present 

our model simulation of some data collected during the CODE-1 (Coastal Ocean 

Dynamics Experiment) program. 

The data were collected at a 90 m site (C3) about 1 km off the California 

coast. Both the USGS tripod (Geoprobe) and the WHOI tripod (Bayshore and 

El Camino) were deployed at the site during various time periods. For this 

preliminary simulation, data from the WHOI tripod (samples at 30, 50, 100, and 

200 cm above bottom) are used. Due to the relatively long fetch from the 

north, high seas (6-8 feet) were typical, and wavelengths were sufficiently 

long for the wave to feel the bottom. 

Velocity profiles (averaged over 6 minute intervals) at this site show 

typical logarithmic variation with height above the bottom. The values of ux 

are typically between .22 and .66 cm/sec. Using the reference velocities at 

lm, these uy values correspond to drag coefficients of 0.019 and 0.026, 

respectively. Values of the effective z, in the presence of the wave are lod 

and 3 cm, an order of magnitude greater than the z, based on physical 

roughness alone. 

Without parameter tuning, our model was able to simulate the increase in 

Ux and z, due to the presence of the wave. Data provided to us for one 0 
6-minute period at 100 cm above the above, show a mean velocity (u,,,) of 

10.21 cm/sec, a wave orbital velocity (u,,) of 6.09 cm/sec, a period (T) of 
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13.79 sec, and a physical roughness (z,)) of 0.2 cm. Using these data as 

boundary conditions to our model, the mean velocity profile in the absence of 

wave exhibits logarithmic variation with height (Fig. 6.6). Ursell number was 

much smaller than 1, thus justifying a linear wave boundary condition at 1 m. 

The wave orbital velocity which varies sinusoidally with time was then imposed 

at the boundary, and the model was allowed to run until the solutions repeated 

themselves from cycle to cycle, i.e., a quasi-steady state was reached. The 

velocity profile averaged over a complete wave cycle, as shown in 

Figure 6.6(a), indicates an increase in z, to 0.5 cm, As shown in 

Figures 6.6(b), turbulent kinetic energy (q) and Reynolds stress (-u'w') have 

also increased due to the presence of the wave. Fig. 6.6(c) indicates 

Ux (<u'w'/o) | ; has increased from 0.6 cm/sec to 0.71 cm/sec. The estimated 

values Of ux and Z) are less than those estimated by Grant and Madsen 

(0.9 cm/sec and 0.9 cm, respectively), which were higher than the values 

determined from the logarithmic profiles. 

If one uses the empirical formula of Kajiura (1968) or Jonsson and 

Carlsen (1976), the wave-induced bottom shear stress averaged over the wave 

cycle is on the order of 1.3 dyne/cm. for the present case. Adding the 

Ccurrent-induced stress onto it, the total bottom stress would be 1.6 dyne/cm , 

much higher than the measured value and our model estimate. 

The success of the above simulation is not to be interpreted as having 

resolved all the problems surrounding the current and wave interaction within 

the boundary layer. In fact, further applications of our model to simulate 

the turbulent boundary layer under combined current and wave actions indicate 

the wave modulation may either enhance or reduce the turbulence due to the 

mean currents, depending on the quasi-steady turbulence level, the relative 

strength of wave vs. current, and the period of the waves (Sheng and Lewellen, 

1982). A laboratory study by van Hoften and Karaki (1976) found that the 

Reynolds stress was reduced due to the presence of the wave. 

142 



i i de nots bne3 ato 
ent ats? 2hy amis ed 

cad 
i 

ie Pl nila. 26 | ne, op 
Sh eel” eA ie "e.0 gh cane fig 
wy hoe (we +) exerted ebionyon bn C py pions St s6nb5 

_-eenaI bat ‘(3)8,.2 sO. BY, be 0. song29%q add oF 
 patomb iad edt 9292 \(09 ito of ‘y9e\"n2_ a0 mote baesataat co | 
. WeebeM brn tier yd? betemtie9 seorly neAd-22eF aig ot ‘haw 

i toutay) std nant Set “stey dota (ulevtiaaqesn” yiho 800. Bha- 
i ay : Wut ; TT shies eoa hal nit 

ee ‘noze Hot 16 ahd): Peat: iy stunt? ‘Testkgee: id! ‘peae. ing 
“Svaw six 49Vv0 bapsreve eesige reste ‘toa tod basubatsavew. cad 9 (OIRE 
‘ont Bhibpa rs ee juseo7y ant “oY nia \arngh é. kf a V9b70. oh 

ie cake ma\payb e. 5 i biyow- Zeards madiod Tarot ont. eat atno zante ‘peoubnte 
i, Fentt fe ne fas bos sulev Payiteiaat oie ena 

| “Teatysd 46: i beeeielont 6°64 fon at heiiaalaee avede is 0. aaanaiie ont if 
ntaaiw apt doergsnt ovew bra Snsiwus ote entbnuer aie ame tdoriq oe iis usiv) 

) Sedetubte 04. Tebow: V0 to ‘anak Tho tage: nati 26) tt. aval ishnved, 
“O Stestber dng Fi26 e¥ew tne tnsvawa bsdidmod tybnu 1ayel \patiaued ” “frit ud ak 
“gg bt Sub’ sinatidry ot Souter 3 Soares | vette (em nut rstivem 
by ite ter oni 1SVeT 39 tiefidaus béedds -fanup ‘eity: ng Barhisyot seiner 

A nat laws bing pose) goVsW add to bofasg! gilt bile anv ied 20 yew te Hay 
vale One “bruh? (ares } FB ee” bes: neston’ hey “ya ybuze” Wioterads! Voy 

Sv be att to) apts hts ant. OF oul beguban ow aeons 

iy 



“2
0S
 

e
p
e
e
 

ia
 

h
 

g
u
e
 

“9
9S

 
/w

d 
6
0
°
9
=
"
N
 

9a
s/
uo
 

t2
‘o

,-
[C

ln
 

‘w
o 

g-
g=
-z
 

“s
ak

e,
 

Au
ep

un
og

 
WO
ZJ
OG
 

BA
RM

-J
UI

4U
ND

 
PA
UL
qW
OD
 

e& 
LL

YZ
LM

 
SS

au
qs

 
Sp

lo
Uu

sa
y 

(9
 

pu
e 

‘A
Cu

au
a 

IL
Za

uU
Ly

% 
Ju

d_
Nq

un
y 

ay
y 

a
i
m
,
 

(q
 

"A
YL

IO
LA

A 
Ue

aU
l 

(e
 

:$
0 

a
L
L
y
O
u
d
 

|,
 

ed
LQ

uU
Aa

 

(
,
w
o
/
a
u
h
p
)
 

M
n
 

d-
 

(2
99
S/
2W
9)
2b
 

o3
s°

o)
83

=—
_s

«o
s 

O
v
°
O
 

o
c
 

°o
 

0
2
°
0
 

o1°
o)§

=8=
—-«

 
G
0
0
 

o
b
 

S
G
 

O6
6 

S°
2 

O
F
 

S*
t 

O
F
 

§'
O0
 

O
O
 

2t
°0
 

ie}
 

00
°0
 

00
°o

 

o
r
o
 

or
°o

 

0z
°0
 

2
 

02
°0
 

c 

o
s
"
0
 

E
 

0s
°0
 

t c 
ov
'o
 

= 
J 

ov
'o

 

N
t
 

sha
 

PS
 

M
 

+
 

9
 

9
 

os
°0
 

3
 

F
 

|
 

os
‘0

 
3
 

00
 

—
 

= 
ca

'o
 

E 
: 

0L
°0
 

=
 

+ 
a%

'0
 

r 
' 

= 
o8

‘o
 

L
a
e
 

C 
BI

 

E
 

08
 

"0
 

ce
o 

co
rr

 
co

't
 

(j
ua
wi
ua
dx
9 

so
iw

Du
Ag

 
ud

e9
Q 

|0
41
SP
0D
) 

3
G
O
D
 

) ) ) A 

°9°9 

aunbLy 

(98S 7 wo)n 
1
0
 

@0°O 
90°0 

vo'o 
70°0 

B
A
D
M
 

+ 
$U9IIND 

:
M
+
9
 

AjuQ 
yuadny 

:d 

OO-3"1 

1O*2"! 

143 



opis ¥ COWPINSG CHLLGUS-~MIAG pOrsDY ae. = 

FES fALpN)GUE KpUSLIC eugidh® aq. 

ey ee oc ppat . 

20°5 
| et Ge 

th 

€ 
a 

— 

ope cu\eet* gug is 
behuoiqe BpMes x, 

gekd CG: ff. 

{¢) (e) (2) AGLEIC?} HLOLL16 OF 

Afcw \ 266) 

ba 

Oe. a= 

See ae eee 

aoe re 

#2. 

+: 

2. 

t 

om 



Other Effects on Bottom Shear Stress 

Bottom features and interaction between sediment particles and flow can 

affect the bottom shear stress. The effect of relatively small bottom 

features can be parameterized in terms of a roughness height z, that appears 

in the logarithmic relationship. When sizeable bottom features such as 

vegetation canopy or dredged material mound formed at disposal site exist, the 

total bottom stress includes contribution from the skin friction drag and, 

more importantly, the profile drag, created by the pressure difference in the 

flow direction on two sides of the bottom feature. Assuming the total shear 

stress at a certain height above the bottom feature could be measured or 

computed, only a fraction of this total stress contributes to the skin 

friction drag at the bed to cause entrainment of sediment. The partitioning 

between skin friction drag and profile drag depends on the detailed structure 

of the bottom feature and its interaction with the bottom flow. This problem 

has been investigated by us with a dynamic turbulence model (Appendix D). 

The presence of sediment particles within the bottom boundary layer can 

also alter the bottom shear stress. At relatively high concentrations, the 

vertical distribution of sediment particles generally leads to a _ stable 

density distribution, thus lowering the drag coefficient in the quadratic 

stress law. In addition, the sediment particles may lead to damping of 

turbulence. Turbulent eddies within the bottom boundary layer have smaller 

length and time scales. Hence, the sediment particles generally do not follow 

the eddy motion, thus resulting in the damping of turbulence. Both of these 

effects have not been well studied but can be investigated by further 

extending the dynamic turbulence model presented in Appendix D. 

6.8 Laboratory Studies on Sediment Entrainment 

Our Study 

Due to the complexity of the problem, a comprehensive theoretical model 

for the entrainment of cohesive sediment is not available at this time. 

Instead, for a given type of sediment from a given site, laboratory studies 

have to be performed to investigate the dependence of entrainment on various 

parameters. We have performed entrainment studies in an annular flume, which 
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is a closed and non-flow through system, as shown in Figure 6.7(a) (Sheng and 

Lick, 1979; Fukuda, 1979; Sheng, 1981). A contained flow system is 

necessary since mechanical parts such as a pump may disrupt the sediment flocs 

and change the particle size distribution. The flume has a rotating top plate 

driven by a motor. The rotation causes a shear flow in the flume which in 

turn yields an applied shear stress on the bottom sediments. Variation of 

bottom shear stress with the rotational speed of the lid is shown in 

Figure 6.7(b). Entrainment of cohesive sediments from _ fresh-water 

environments (Table 6.1) and Mississippi Sound (Table 6.2) have been studied. 

Effects of (1) bottom shear stress, (2) properties of bed, (3) salinity of 

overlying water, and (4) sediment type on entrainment have been investigated. 

The primary interest was on the rate of entrainment, rather than just the 

critical shear stress at which initial entrainment occurs, as a function of 

various parameters. 

Other Studies 

In addition to us, several other investigators have conducted laboratory 

studies on the entrainment of cohesive sediments in the past. A few examples 

will be given here. Partheniades (1962) and Krone (1962) studied the 

entrainment and deposition of San Francisco Bay mud in a recirculating flume 

of rectangular cross-section. Raudkivi and Hutchinson (1971) used a highly 

compacted kaolinite clay at sea water salinity for their entrainment study. 

Christensen and Das (1973) studied the entrainment of kaolinite and grundite 

in a circular brass tube of 2.54 cm diameter. However, they and Partheniades 

both primarily used a remolded bed in their respective studies. Ariathurai 

and Arulanadon (1978) used a rotating annular cylinder, 10.2 cm in diameter 

with 1.3 cm wide annular space, to study the entrainment of consolidated 

sediments composed of 70% silica flour. Partheniades and associates have 

carried out some illuminating experiments in a rotating annular flume similar 

to the one used by us. Until very recently, they have primarily concentrated 

on the depositional behavior of cohesive sediments. More recently, Mehta and 

Parthaneides (1979) studied the erosional behavior of kaolinite in distilled 

water. Several others have performed laboratory studies on entrainment and 

deposition of various sediments in a wide variety of facilities with varying 

measuring devices and techniques. These variations make the intercomparison 
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Figure 6.7. (a) Rotating laboratory flume for deposition-entrainment 
studies on sediments. 

(b) Bottom shear stress within the flume as a function of 
the rotational speed of the rotating lid. 
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of different studies extremely difficult. For example, some used relatively 

crude instruments such as a strain gage to determine the bottom shear stress. 

In our studies, the bottom stress is derived from detailed flow measurements 

within the boundary layer. 

Table 6.4 

Composition of Fresh-Water Sediments 
Used in Previous Entrainment Experiments 

ALKALI 

SEDIMENT TYPE CLAY QUARTZ FELDSPAR DOLOMITE CALCITE 

Shale based 67.7% 21.8% 4.2% 

Western basin 37.9% 30.4% 14.9% 12.7% 4.1% 
of Lake Erie 

Central basin 33.7% 43.0% 17.5% 6.8% 
of Lake Erie 

Pond 66.1% 27.4% 7.5% 

Despite its many advantages, rotating annulus flume usually contains 

secondary flow in the radial plane. The nature and strength of secondary flow 

depend strongly on flume configuration and flow Reynolds number. For flumes 

with relatively low aspect ratio, such as the one shown in Fig. 6.7(a), the 

secondary flow usually consists of a single circulation cell. At very high 

flume aspect ratio, Taylor-Goertler instability may lead to the occurrence of 

multiple circulation cells. A detailed quantitative study of secondary flow 

and its contribution to the entrainment and deposition of sediments is lacking 

and is much needed. Based on tangential flow measurements and boundary layer 

formulae, we found that the radial flow was generally less than 10% of the 

tangential flow in our flume with moderate rotational rates (<1 rad/sec.). A 

more detailed analysis can be performed by using a turbulent transport model 

in conjuction with skin friction and/or Reynolds stress measurement. 
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Table 6.5 

Composition of Mississippi Sound Sediments 
Used in Present Entrainment Experiments 

SITE #(see Fig. 1.3) 1 2 3 4 

POSITION 
LONG. 89°08.5 88°26.1 88°33.7 88°46.5 
LAT. 30°16.6 30°14.9 30°20.4 30°16.3 
DATE 9/25/80 9/28/80 9/25/80 9/25/80 

Fh H, 0 60 70 75 20(?) 

SAND 22 28 8 95 

a SILT 31 21 29 1.6 

CLAY 47 51 63 Bz 

TYPE SILTY SANDY CLAY SAND 
CLAY CLAY 

SMECTITE 
(MONTMORILLONITE) 79 78 68 58 

% KAOLINITE 9 17 21 15 

ILLITE 12 5 11 27 

% TOC 1.148 1.061 2.575 2.040 

Experimental Procedure 

In most of our experiments, the procedure is as follows. Enough 

sediments are first mixed with water to make a slurry. The sieved slurry is 

then placed in the flume to achieve a 4 cm thick sediment bed. A constant 

depth of 7.6 cm of water is then filled on top of the sediments. The 

sediments are then completely resuspended and mixed by the rotating ring and 

allowed to settle and compact for a period between 1 to 10 days until it 

reaches the desired level of compactness. To perform the entrainment 

experiment, the ring rotation rate is set for a desired shear stress and 
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observations of the increase in suspended sediment concentration are then 

made. TO minimize the spin-up effect, the constant shear stress is achieved 

by slowly increasing the rotation rate of the ring. When the applied shear 

stress iS greater than the critical shear stress, entrainment of the sediments 

occurs. Suspended sediment concentration is measured at 5 min intervals until 

it reaches a steady-state or equilibrium value. The applied shear stress is 

then gradually increased to a higher value, and the increase in suspended 

sediment concentration is monitored as before. Ideally, this procedure could 

continue to higher and higher shear stresses until all the sediments are 

resuspended. In this study we have generally started with an applied shear 

stress of l deme/enr until a steady state is reached. The shear stress is 

then increased to 3 dyaaiten until another equilibrium COMES SMa TEN is 

arrived. Finally, the shear stress is increased to 5 dyne/cm . These shear 

stresses are within the range of realistic shear stresses in the Mississippi 

Sound, as is evidenced by the results of our hydrodynamic model computations 

in previous sections. 

In previous study by us and most other investigators, only one shear 

stress iS applied in a single flume experiment. The present procedure of 

incrementing the shear stress in a single flume run results in significant 

saving of time and more realistic representation of the erosional events in 

nature. In a real estuarine or coastal environment, it is rare that the 

bottom shear stress would stay at the same value for an extended time period. 

Recently, a similar procedure was used by Parchure (1980) in studying the 

critical shear stress of kaolinite as a function of bed depth. 

Typical Results 

A typical variation of the suspended sediment concentration with time 

after the shear stress is applied is shown in Figure 6.8(a). Sediments from 

Site 1 of the Mississippi Sound were allowed to settle in the flume for one 

day before the shear stress was applied. Atl dyae/anr - sufficient sediments 

are resuspended and reached an equilibrium concentration (Co ) in less than 

two hours. As the shear stress was increased to 3 dyne/cm , Cog ifenenece 

from 530 mg/l to 14000 mg/1. Ceg pearee 27000 mg/1 at 5 dyne/cm ._ The 

equilibrium concentration at 1 dyne/cm is smaller than that (3000 mg/1) for 

the shale based sediments in Table 6.2 which has a higher clay content 
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Site #1 (a) 
Settling Time (doys)=! 

Salinity (ppt) =O 

%H,0 = 89.20 

20000 Tp(dyne/cm® ) #1,3,5 
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Elapsed Time ( min.) 
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Figure 6.8. (a) Typical time history of suspended sediment concentration — 
within the flume. Sediments from Site 1 of the Mississippi Sound 
and with 1 day settling 

(b) Same as (a) except for shale-based sediments. 
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(Figure 6.8(b)). It should be pointed out that, even at the high 

concentration of 27000 mg/1, only a small fraction of the bottom sediments are 

eroded from the bottom. In fact, throughout our studies, we found that 

entrainment of sediments is very much a surface phenomenon that takes place at 

the sediment water interface. Consequently, unless exceedingly high bottom 

stress takes place, bulk physical properties of even 1 cm below the initial 

sediment-water interface may be largely irrelevant to most entrainment events. 

Effect of Bottom Shear Stress 

Similar experiments have been performed for sediments from other sites 

with different settling time of sediments allowed. The effect of the bottom 

shear stress on entrainment for all of our flume runs is summarized in Figures 

6.9(a) and 6.9(b) for fresh water conditions and salt water conditions, 

respectively. 

The critical shear stress for the Mississippi Sound sediment is on the 

order of 0.8 dome/sen - As the bottom shear stress 1S increased from 1 to 

5 inseam - more than an order of magnitude increase in the equilibrium 

concentration can be expected. Under normal range of applied shear stress, 

the entrainment of cohesive sediment is generally not dependent on the bulk 

properties of the soil such as bulk Shear strength or plastic strength. 

Rather, the resistance to entrainment depends on the inter-floc strength of 

sediments as modified by the physico-chemical and biological parameters within 

the benthic boundary layer. At extremely high shear stress exceeding the bulk 

Shear strength of the sediment, the entire bed may fail and become entrained. 

Effect of Bed Properties 

One of the important parameters in characterizing the properties of the 

surfacial sediments is the water content (or moisture content, or porosity) 

which is directly related to the bulk density of the bed. Attempts by some 

previous investigators to correlate the shear strength of the bed with the 

bulk density have not been satisfactory (Parchure, 1980). 

In our studies, the bed is primarily prepared by allowing the sediment 

slurry to settle within the flume for a time period between one to ten days. 

Previous studies of Lake Erie sediments indicated that with longer settling 
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Figure 6.9. (a) Equilibrium concentration (C,,) of suspended 
sediments as a function of bottom shear stress (Tt) in fresh 
water. 

(b) Same as (a) except in salt water. 
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time allowed, the water content decreases and the sediments become less 

erodable. In the present study of Mississippi Sound sediments, however, we 

have found that the water content of the sediments does not change appreciably 

with the settling time allowed. Despite this fact, the erodability of the 

sediments shows a decrease with the settling time. For the sediments from 

site 1, the settling time is allowed to increase from 1 day (Figure 6.8(a)) to 

3 days and 5 days (Figure 6.10). The equilibrium concentration has dropped 

substantially with increasing settling time. The water content has _ only 

changed from 89.2% to 88.16%, a much smaller variation when compared with 

changes found in the Lake Erie study. 

A similar trend has also been found for sediments from other sites in 

water of 30 ppt salinity. For example, the entrainment of Site 3 sediments 

for a 3-day settling and a 10-day settling are shown in Figures 6.11(a) and 

6.11(b), respectively. In this case, the water content has actually increased 

slightly from 79% to 81%. 

This trend is best summarized in Figure 6.12. It is clear that for the 

Mississippi Sound sediments, the erodability decreases with the settling time 

while the water content remains largely unchanged over a 10-day period. Hence 

the water content alone is not a good index of bed property. Some dynamic 

process which is present in both fresh and salt waters, is apparently 

responsible for this anomalous trend. 

We have examined several possibilities to try to explain this trend: 

(1) Compaction and increase of grain-grain contacts. This is not likely to 

occur since the entrained sediments are the very uppermost surfacial 

sediments and, as such, are not subject to any significant overburden 

pressure. Moreover, water content, even in the top 1 cm of sediments, 

does not change appreciably over the 10 day period. 

The effect of overburden pressure on the entrainment process cannot 

be examined easily in a laboratory flume such as the one used for our 

Study. The water column is only a few centimeters high in the 

experiment, while it is on the order of several meters or more in the 

field. To reproduce the overburden pressure experienced in the field 
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Figure 6.10. (a) Time history of suspended sediment concentration for 
Site 1 sediments in fresh water with 3 day settling. 

(b) Same as (a), except with 5 day settling. 
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Figure 6.11. 
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Time history of suspended sediment concentration for 
Site 3 sediments in salt water with 3 day settling. 

Same as (a), except with 10 day settling. 
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condition, it would be necessary to generate a gravitational acceleration 

more than an order of magnitude of g. This would require a_ very 

different laboratory apparatus. 

Slow variation in clay properties (other than water content) with time. 

The influence of clay mineralogy properties on the entrainment of 

cohesive soils has been studied by several workers. Anderson (1951) 

claimed that Middleton's dispersion and erosion ratios are important 

indices in characterizing the erodability of sediments from 14 mountain 

watersheds in the Coastal Range of the United States. Smerdon and 

Beaseley (1959) concluded that plasticity index and dispersion ratio have 

pronounced effect on the critical shear stress of cohesive soils in open 

channels. Wallis and Stevan (1961) defined an erosion index in terms of 

cation exchange capacity. Krone (1963) related cation exchange capacity 

with Bingham shear strength. However, contradictory conclusions have 

been reported by the various workers (Kandiah, 1974). Moreover, none 

have examined the transient variation of the various clay properties of a 

given sediment type. It also seems highly unlikely that some clay 

properties would show the same transient behavior in two waters of vastly 

different salinity and ionic strength. 

Increase of microbial (algal, bacterial) exudates with time. The 

appearance and odor of the Mississippi Sound sediment samples, along with 

the relatively high organic content of some of the sediments, support 

this possibility. Actively growing bacteria and benthic algae are known 

to secrete micropolysaccharides that can bind fine-grained sediments 

(Rhoads, et al., 1978). This would decrease the erodability of the 

cohesive sediments. Bacteria growth increases in_ high organic 

environment and when the growth is not regulated by benthic organisms 

(macro-fauna). If the growth continues, the effect of bacteria and 

benthic algae may play a dominant role in determining the erodability of 

cohesive sediments. During this process, it may also render the water 

content of the sediments relatively unchanged with time. 

In a natural environment, the bacteria growth in sediments is regulated 

by the presence of the benthic organisms and hence shows a seasonal 

variation. Grant (1981) has found a twofold change in the critical shear 
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stress for Long Island Sound sediments between winter and summer months. 

When the sediments are brought back to a laboratory, however, growth rate 

of bacteria may change because of the absence of the benthic organisms, 

thus resulting in a more resistable sediment structure. Before each of 

our flume runs, these sediments are sieved carefully to ensure that the 

binding effect of bacteria is reduced. However, the bacteria growth rate 

may increase again after the sediments are allowed to settle in the 

flume. Consequently, the longer the settling time is, the higher the 

bacteria content is and the less erodable the sediments become. In 

addition, the settling times of our flume runs (1 to 10 days) are 

comparable to the time scale of bacteria growth. The shape of the curve 

in Figure 6.12 also tends to support this possibility. 

Being quite probable, this idea should be and can be tested by further 

experiments. Sterilized sediments can be added to the flume and 

bacterial growth monitored at the same time when entrainment of sediments 

is measured. In addition, a method for assaying microbial polysaccharide 

production could be used. 

(4) Diffusion of chemical species from pure water and reaction at the 

surface. It could be possible for the chemical reaction to occur in 

waters of different salinity and ionic strength, and despite flushing of 

pore waters after each flume run. It needs to be tested by monitoring 

pore water concentration and by electromicroscope and microprobe analyses 

of the surface sediments. 

Effect of salinity. 

Typical effect of salinity on the erodability of Mississippi Sound 

sediments can be illustrated by comparing the entrainment results of Site 1 

sediments in 0 ppt salinity water (Figure 6.8(a)) and in 30 ppt salinity water 

(Figure 6.13). 

The critical shear stress in 30 ppt salinity water is much higher than 

that in the 0 ppt salinity water. In addition, the equilibrium concentration 

in the high salinity water is more than an order of magnitude smaller than 

that in the zero salinity water. 
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Figure 6.12. Equilibrium concentration of suspended sediments as a 

function of settling time in fresh and salt water. 
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Figure 6.13. Time history of suspended sediment concentration for 
Site 1 sediments in salt water with 3 day settling. 
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The increased salinity of the overlying water and the pore fluid have 

apparently resulted in a more coagulated sediment structure, and a lower 

Sodium Adsorption Ratio (SAR), thus decreasing the erodability of the 

sediments. A higher settling speed and lower water content also contributed 

to the lower equilibrium concentration in high salinity water. 

This trend is exactly opposite to that of the kaolinite. Yeh (1979) 

reported that the erodability of kaolinite decreased with the salinity of 

water. He also reported that kaolinite in higher salinity water formed a less 

densely packed bed with smaller flocs, thus resulting in higher erodability 

than the low salinity case. Kaolinite also has a much lower water capacity 

than smectite. Consequently, the variation of erodability with salinity for 

kaolinite is much less dramatic than for the smectite rich sediments used in 

our study. 

Sediments from all four sites were tested for erodability in 30 ppt 

salinity water in our flume. Site 3 sediments were also run at an 

intermediate salinity value of 15 ppt. The effect of salinity on equilibrium 

concentration is summarized in Figure 6.14. It appears that much of the 

variation in erodability occurs between O ppt and 15 ppt salinity. A more 

precise functional relationship may be obtained if more flume runs are 

performed in this salinity range. 

Effect of sediment type. 

Site 2 sediments, having a higher clay content, are generally more 

erodable than sediments from other sites. Site 4 sediments, possessing the 

lowest clay content and the highest fraction of sand, appear to have a 

somewhat higher erodability than what it should have. This behavior is a 

result of the bed preparation procedure. During the settling stage, heavier 

sand particles settle to the bottom before the lighter clay particles or 

flocs. The result is that a graded bedding is produced. Much of the 

relatively high concentration of suspended sediments is due to the 

resuspension of the lighter clay particles or flocs at the surface of the bed. 

However, this will change somewhat if much higher shear stress is applied such 

that more sediments are resuspended from the bottom. This problem could be 

resolved by using a somewhat different procedure of bed preparation in future 
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Figure 6.14. Equilibrium concentration of suspended sediments as 

a function of salinity. 
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studies. 

Our study confirmed that different clay minerals behave’ rather 

differently to changing environments. Alizadeh (1974) claimed that, under 

flocculated conditions, smectite shows higher critical shear stress. than 

illite and kaolinite. Under dispersed conditions, however, kaolinite and 

illite are more resistant to entrainment than is smectite. 

6.9 Deposition of Sediments 

Deposition is the process by which suspended sediment particles leave the 

water column, temporarily or permanently, to become part of the bottom 

sediments. Similar process occurs in the atmosphere where atmospheric 

pollutants are deposited to the ground. Lewellen and Sheng (1980) performea a 

theoretical study on dry deposition of gaseous and particulate species in the 

atmosphere. Lewellen, Varma and Sheng (1972) analyzed the deposition model 

sensitivity. Although deposition of sediment particles is an important 

process affecting the ultimate fate of many pollutants, a comprehensive 

theoretical study has not yet been performed due to the complexity of the 

problem. 

Deposition can be described in terms of a deposition velocity, Vado 

defined as the flux of sediment particles divided by the suspended sediment 

concentration within the water column. Physically it is equivalent to the 

covariance of the turbulent fluctuations of the vertical velocity and the 

fluctuations of the particle concentration divided by the mean concentration. 

Since a concentration gradient is generally necessary to deliver a flux to the 

bottom, Vq iS necessarily a function of the height at which the normalizing 

concentration is measured. Being a turbulent transport quantity, the 

deposition velocity depends on all of the hydrodynamic parameters affecting 

flow within the bottom boundary layer. It also depends on the particle 

coagulation process as affected by turbulence and cohesion. In addition, it 

depends on parameters such as detailed bottom roughness features, bottom 

chemistry, and benthic community which affect the bottom boundary condition. 
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Individual Resistances which Determine Vq 

Deposition of sediment particles through the bottom boundary layer is 

influenced by the resistance of the various layers through which the particles 

must pass to reach the bottom. For ease of analysis, it is convenient to 

break up the boundary into three regions. The total resistance to deposition, 

defined as the inverse of the deposition velocity, is then the sum of 

resistances presented in each region. 

-1 

Vd = Rhydrodynamic * R sublayer + Roottom (6.5) 

Rhydrodynamic represents the sum of the resistances to turbulent transport in 

the water column. R accounts for that resistance due to the thin, sublayer 

viscous, relatively laminar sublayer next to the bottom or the leaf surface of 

vegetation canopy. The third resistance is the chemical or biological 

resistance the particles encounter after they reach the bottom. 

Hydrodynamic Resistance (R,) 

The hydrodynamic resistance to deposition can be estimated by considering 

the constant flux region above the bottom. This should be a reasonable 

approximation so long as the reference height for defining deposition velocity 

does not exceed approximately 100 cm. 

The similarity solution which exists for the vertical gradients of 

velocity and particle concentration in the constant flux region can be 

integrated in the z direction to yield expressions for the hydrodynamic 

resistance which are a function of height z; bottom roughness height, z,; 

stability, eet expressed as the inverse of Monin-Obukhov length; and flow 

Speed u at that height z. Since the resistance is inversely proportional to 

the flow speed, the product of the flow speed and the hydrodynamic resistance 

is presented. The results are shown in Figure (6.15) for three heights (1 cm, 

10 cm, 100 cm) and three roughness heights (0.01 cm, 0.1 cm, 1 cm) covering 
1 1 

the unstable range (L <0), the neutral case (L =0), and the stable range 
=)! 

(LL 2a 
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Figure 6.15. Hydrodynamic resistance to deposition as a function 

of stability for three values of bottom roughness and reference 
height. 
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Assuming a 25 of 0.1 cm and a flow speed of 1 cm/sec at 10 cm above the 

bottom, Figure 6.15 shows that uR, is about 100 at neutral stability. Thus 

the hydrodynamically induced deposition velocity is on the order of 

0.01 cm/sec. In the presence of a stable stratification, the deposition 

velocity is decreased to a value of 0.0025 cm/sec when L is 10 cm. Unstable 

stratification, on the other hand, increases the deposition velocity to about 

0.02 cm/sec when L is -10 cm. Increasing the bottom roughness, while keeping 

other parameters the same, the deposition velocity at 10 cm height can be 

increased by almost an order of magnitude. 

Sublayer Resistance (R 

The deposition of sediment particles depends primarily on the particle 

diameter and particle density. The effects of particle density can be 

incorporated into the particle size by increasing the equivalent particle 

size. Particles $30 um in radius tend to follow all of the turbulent eddies 

and can be diffused in the same manner aS a gaseous species, except within the 

viscous sublayer next to a surface. Transport of particles in the sublayer is 

determined by three main contributions - Brownian motion, gravitational 

settling and inertial impaction. 

For submicron size particles, Brownian diffusion dominates. 

Gravitational settling and inertia impaction dominate for particles with 

diameters of 10 um or more. There is a transition range, for particles with 

diameters between 0.1 and 1 um, wherein none of the mechanisms is very 

effective in bringing the particles across the  sublayer. Lewellen and 

Sheng (1981) derived the following formula for deposition velocity within the 

sublayer: 

Dp \0.7 Ae 2 / : xt -0.075q T,/v 
Wa = Ge (2) ui ere ; (l-e at ) ti teg (6.6) 

v 

where Ce is a skin friction coefficient, Dg is the Brownian diffusion 

coefficient, q is the turbulence velocity, ux is the friction velocity, and He 

is the particle relaxation time. The three terms on the r.h.s. of (6.6) 

represent the effects of Brownian diffusion, inertial impaction, and 

gravitational settling, respectively. 
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The above formula has been compared with some data of particles deposited 

on the underside of a flat plate in the range where inertial impaction 

dominates (Lane and Stukel, 1978) in Figure 6.16(a). In Figure 6.16(b), this 

formula is compared with Sehmel's (1973) data for deposition on a smooth 

surface for particles in the transition regime. Both comparisons appear 

Satisfactory. The deposition velocities shown in these figures are for 

particles settling in the atmosphere and hence are much bigger than those for 

sediment particles in water. 

For cohesive sediments in marine water with a particle size distribution 

Shown in Figure 6.2, Brownian diffusion is negligible for most of the 

particles. Inertial impaction and gravitational settling are the primary 

mechanisms for deposition through the sublayer. Gravitational settling 

velocity is a lower bound for the deposition velocity of these particles. In 

fresh water environment, however, smaller particles with diameters of 1 um or 

less constitute a bigger fraction of the particle size distribution. A 

comprehensive formula like Equation (6.5) should yield an accurate estimate on 

the deposition velocity. 

In the presence of a vegetation canopy, the analysis is more complicated. 

Simple constant flux relation (6.4) no longer holds within the vegetation 

canopy. The presence of the canopy introduces source and sink terms into the 

basic equations for momentum, heat, and species concentration. Lewellen and 

Sheng (1980) developed a model of turbulent flow within a canopy using a 

second-order closure model of turbulent transport (see Appendix D). Within 

the canopy, the total drag force has to be partitioned into a profile drag and 

a skin friction drag. Resistance to deposition within the sublayer next to 

the leaf surfaces can be incorporated into the canopy model to estimate the 

total canopy resistance to deposition. The deposition velocity within the 

canopy thus depends on the total leaf area per unit volume; the ratio of 

total wetted area to the projected frontal area; the Schmidt number of the 

species; the leaf surface resistance; flow speed above the canopy; and the 

Stability above the canopy. 
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Figure 6.16. Comparison of a deposition velocity model with data: 

(a) Lane and Stukel's data. 

(b) Sehmel's data. 
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Bottom Resistance 

Physico-chemical and biological conditions at the bottom may affect the 

deposition of gaseous species once they reach the bottom. Blowing or suction 

due to the benthic organisms may affect the entrainment and deposition of 

particulate matter, respectively. These effects can only be included in the 

model empirically based on field or laboratory observations. 
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7. SIMULATION OF SEDIMENT DISPERSION WITHIN THE MISSISSIPPI SOUND 

7.1 Mathematical Model 

Equations and Boundary Conditions 

The transport of sediments within the water column is described by the 

conservation equation for the suspended sediment concentration written in 

dimensional form as: 

r) aC 

where C is the suspended sediment concentration, (u,v,w) are the 

three-dimensional fluid velocities in (x,y,z) directions computed from the 

hydrodynamic model, W. iS the vertical settling velocity of the sediments 

relative to the fluid, Dy and Dy are the turbulent eddy diffusivities in the 

horizontal and vertical directions, and S is a source term. The net vertical 

flux of sediments is specified at both the surface and the bottom: 

dC 
- wC + Dy ape 0 Gaze =n0 (7a) 

-weC + Dy =¢ = vg - E 

=a (Gs Coq) @ z = -h(x,y) (7/58) 

where h(x,y) is the water depth, Vq is the deposition velocity, E is the rate 

of entrainment, and Cog is defined as E/Vq- Vq and E are generally functions 

of many parameters, as described in the previous section. 
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Determination of Rate of Entrainment and Deposition Velocity 

In our study, the values of E and vg are determined from the laboratory 

flume studies. During the initial period of a laboratory experiment, only 

entrainment is present and little deposition takes place. Hence the rate of 

entrainment can be determined from the rate of increase of suspended sediment 

in the water column as: 

ee in Cdz (7.4) 

where -h is the water depth of the flume. As time increases, deposition also 

increases until eventually an equilibrium is reached between the entrainment 

and the deposition at the bottom of the water column, i.e., 

Feu, G. (7.5) 
q 

Since E and Cog are both known, vq can thus be computed. 
q 

During most of our fresh water experiments, vq was formed to be general ly 

on the order of 0.005 cm/sec with no distinct trend of variation. Vq for 

salt-water experiments has been found to be on the order of 0.01 cm/sec. 

These values appear to be smaller than the median gravitational settling 

velocity as shown in Figure 6.2. Several factors could contribute to this 

discrepancy. First of all, the gravitational settling velocities in 

Figure 6.2 are measured in a settling cylinder with little turbulent mixing. 

The actual particle size distribution during the flume experiment could be 

quite different from that in the settling velocity measurement. However, no 

measurements on particle size or settling velocity distribution were made 

during the flume experiment. In addition, our analysis assumes the rate of 

entrainment does not vary with time during the entrainment process. In 

reality, however, the initial stage of entrainment usually leads to a large 

gradient in sediment concentration near the bottom. This causes an unstable 

density gradient and hence a smaller bottom shear stress and a smaller rate of 

entrainment. Towards the end of the experiment, when entrainment balances 
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deposition, suspended sediment concentration does not vary significantly over 

the water column. Hence the bottom shear stress and entrainment rate should 

be higher than those in the initial stage. 

In a meso-scale sediment transport model, the deposition velocity vq 

should depend on the location of the first grid point above the bottom. The 

inverse of the deposition velocity represents the sum of resistance through 

the various layers (constant flux layer and sublayer) between that point and 

the bottom. Laboratory experiments should be carried out to verify the 

theoretical formulation on deposition velocity as described in Section 6.9. 

The rate of entrainment, E, however, exhibited distinct functional 

dependence on several parameters. For example, in a fresh-water study, Sheng 

and Lick (1979) found a bi-linear functional relationship between E and tT} 

(Figure 7.1). Using this relationship for their sediment transport model, 

they were able to achieve reasonable agreement between model prediction and 

synoptic data obtained during an episodic event in Lake Erie. 

The dependence of equilibrium concentration of the Mississippi Sound 

sediments on various parameters, as shown in the last chapter, can be 

transformed into relationships for the entrainment rates versus the various 

parameters. For example, for the site-3 sediment with a l-day settling time, 

the dependence of E on Tt} is Shown in Figure 7.2(a). For site-1 sediment with 

3-day settling time, E versus t is plotted in Figure 7.2(b). Although the 

critical shear stress is of similar magnitude in both cases, E is typically an 

order of magnitude smaller for the longer settling experiment. The effect of 

settling time on the entrainment rate is summarized in Figure 7.3(a). Thus, 

to allow accurate estimation of the entrainment rate in a coastal environment, 

it is extremely important to have a knowledge of the time history of the 

bottom sediments. Another parameter which can cause more than an order of 

magnitude variation in E is the salinity. This is illustrated in 

Figure 7.3(b). 
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Figure 7.1. Rate of entrainment of cohesive sediments in fresh water 
versus bottom shear stress. 
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Figure 7.2. 

(b) 
Site # | 

Settling Time (days) =3 
Salinity (ppt) = 30 

% H,0 = 87.5 

E £1078 x(t, -0.87) 

Th | 2 3 4 5 
Siarnevemt) 

Rate of entrainment of cohesive sediments in salt water 

versus bottom shear stress. 

(a) Site 3 sediments with 1 day settling. 

(b) Site 1 sediments with 3 day settling. 
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Figure 7.3. (a) Rate of entrainment as a function of settling time 
in fresh and salt water. 

(b) Rate of entrainment as a function of salinity. 
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7.2 Sediment Dispersion Due to Tidal Currents 

To examine the effectiveness of tidal currents in causing entrainment and 

transport of sediments in the Mississippi Sound, we have performed simulations 

based on the computed tidal currents during 4 Sept. to 5 Sept. 1980 as 

presented in Section 5.1. 

Initially, (72 hours after 1 Sept. 1980) the suspended sediment 

concentration is assumed to be 500 mg/] within two 3 Km square areas, one in 

the middle of the Biloxi Channel and one in the middle of the Pascagoula 

Channel, and zero everywhere else. Sediment concentrations are then computed 

throughout a complete tidal cycle until the 96th hour. Four simulations are 

performed and described in the following. 

The first simulation is concerned with the transport of a dissolved 

species by tidal currents. The settling velocity We iS zero and the bottom 

boundary condition is that of zero net flux. The results at 24 hours later 

are shown in Figure 7.4. While the peak concentrations (~ 440 mg/l) are still 

located near their original positions, only a very small amount of the species 

have been transported out of the Sound. Due to vertical mixing, little 

difference exists between the species concentrations near the surface and near 

the bottom. 

The second simulation is concerned with the transport of sediment 

particles with a settling velocity w. of -0.05 cm/sec and a bottom boundary 

condition of zero flux. This ee condition implies that there is a 

balance between entrainment and deposition of sediments at all locations and 

all times. Starting with the same initial condition as the first simulation, 

the results at 24 hours later are shown in Figure 7.5. Near the surface, the 

peak concentration has dropped to a little under 200 mg/l]. Near the bottom, 

however, the peak concentration has increased to about 800 mg/l]. 

Concentration distribution along the west-east transect in the Sound is shown 

in Figure 7.6. Appreciable variation in concentration exists in the vertical 

direction. A simple calculation indicates that the vertical settling time 

D/w., where D is the depth, is on the order of 1.5 hours and is comparable to 

the vertical diffusion time D /Av. 
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(b) Near-bottom concentration. complete tidal cycle on 9/04/80. 

bottom. (a) Near-surface concentration, 
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MISSISSIPPI SBUND : FILE = SEDIAX7F 
CONCENTRATI@N AT TIME BF 96.0 HBURS AND SIGMA OF -0.125 
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MISSISSIPPI SBUND : FILE = SEDIAX7F 
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Figure 7.5. Same as Figure 7.4 except that w.=-0.05 cm/sec. 
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Figure 7.6. Suspended sediment concentration within an east-west 
transect at the end of the tidal cycle. 
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In the third simulation, the sediment particles are assumed to have a 

settling velocity of -0.05 cm/sec and are allowed to be deposited and 

entrained at the bottom. However, entrainment is only allowed for the newly 

deposited sediments but not for the sediments which are at the bottom 

initially. This condition represents the limiting case when climate over the 

coastal environment has been rather calm over an extended time period such 

that the bottom sediments become highly resistable to entrainment. For the 

newly deposited sediments, the entrainment relationship as described in 

Figure 7.2 applies. A deposition velocity of 0.01 cm/sec is used. Starting 

with the same initial condition as the previous two simulations, most of the 

initial suspended sediments have settled out of the water column at 24 hours 

later. The peak concentration near the bottom is on the order of 10 mg/1 

(Figure 7.7) and is even smaller near the surface. Contours of thickness of 

deposited sediments at this time is shown in Figure 7.8. Maximum deposition 

of 0.15 cm has occurred. Little entrainment has occurred due to the 

relatively small bottom shear stresses generated by the tidal currents within 

the dumping areas. Bottom shear stresses at three locations in the Sound are 

shown in Figure 7.9. Although the stress at (1I,J)=(24,50) in the vicinity of 

the Biloxi Channel is on the order of 0.8 dyae/len it is not sufficient to 

cause entrainment of the newly deposited sediments. 

For the fourth simulation, entrainment and deposition are allowed for 

both the newly deposited and the old sediments. The near-surface suspended 

sediment concentration at the end of 24 hours of simulation iS shown in 

Figure 7.10. Maximum concentration is on the order of 1000 mg/l. The 

near-bottom sediment concentration is even higher. Net entrainment up to 1 cm 

has occurred in most of the tidal inlets (Figure 7.11) due to the high bottom 

Shear stresses in these areas. This explains the fact why sediments found 

within the tidal inlets are generally composed of the coarser sand particles. 

The difference between the results of this simulation and those of the 

previous simulation illustrates the significance of the time history of bottom 

sediments in affecting the entrainment process, and hence the ultimate 

suspended sediment concentration. After being left alone for an extended time 

period, sediments dumped in the low bottom stress area can form a thick mound, 

become extremely hard to entrain, and hence affect the local circulation 
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MISSISSIPPI SBUND : FILE = SEDIAX7G 
CONCENTRATION AT TIME BF 96.0 HBURS AND SIGMA BF -0.875 

A: 

A a A 

2 CBNTBURS =: (GH/(M#23)) 
2.0 10. 
A -B 

E F G H I 

Y 

2 CBNTBURS =: (GM/(Me23)) 
2.0 10. 

Figure 7.7. Near-bottom suspended sediment concentration at the end 

of the tidal cycle. Wo=-0.05 cm/sec; 

Deposition and entrainment but no entrainment for the old 

sediments. 

MISSISSIPPI SBUND ; FILE = SEDIAX7G 

SURFACE DEP@SITI@N AT TIME BF 96.0 HBURS 
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1.00£-03 1.00E-02 5.O0E&-02 0.10 

A B C D 

Figure 7.8. Net thickness of deposited sediments at the end of the 
tidal cycle corresponding to 7.7. 
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FILE = TISDAXBW | LOCATION = (26-233) 
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o.4 

OOS: 20. 40. so. so. 100. 120. 
TIME CHOURS) 
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ee 
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Figure 7.9. Tidally-induced bottom shear stress at three locations 
in the Sound. 
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MISSISSIPPI S@UND : FILE = SEDIAX7H 

CONCENTRATIBN AT TIME BF 96.0 HBURS AND SIGMA BF -0.125 

A (FEN. 
ae SSS 

Yor 
ES» 9 CBNTBURS ©: (GM/(Mm23)) 

; ©Q2 
F 

A 

E G H I 

Y 

2.0 10. 20. SO. 1.00E+02 2.50E+02 S.O0E+02 7.50E&+02 1.00€+03 
A B C D E F G H | 

Figure 7.10. Near-surface concentration at the end of the tidal cycle. 
W.=-0.05 cm/sec; Deposition and entrainment for all sediments. 

MISSISSIPPI SBUND : FILE = SEDIAX7H 

SURFACE DEP@SITI@N AT TIME OF 96.0 HOURS 

6 CBNTBURS = (CH) 

-0.10 -S.O00£-02 5.O00E-02 0.10 
C D E F 

Figure 7.11. Net thickness of deposited sediments at the end of the 
tidal cycle corresponding to 7.10. 
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patterns. 

7.3 Sediment Dispersion Due to Wind-Driven Currents 

We now present the results of sediment transport simulations under the 

action of wind-driven currents due to a westerly wind as discussed in 

Section 5.2. All simulations start with an otherwise zero concentration field 

and a 500 mg/1] concentration within a 3 Km Square area in the Biloxi Channel. 

Results at the end of 24 hours are shown for three simulations: (1) a 

dissolved species with zero settling and zero net flux at the bottom, 

(2) sediments with settling (w.=-0.05 cm/sec) and deposition (vg=0.01 cm/sec) 

but entrainment for the newly deposited velocities only, and (3) sediments 

with the same settling and deposition velocities while entrainment allowed for 

both the old and new sediments. 

For the first case, the concentration distribution at a constant depth of 

0.5 m is shown in Figure 7.12(a). Due to the relatively strong wind-driven 

currents, center of the initial species concentration distribution has moved 

towards the East by almost 20 Km. 

For the second simulation, deposition prevails and the suspended sediment 

concentration at 24 hours later is on the order of 20 mg/l or less 

(Figure 7.12(b)). Net deposition up to 0.1 cm is found in Figure 7.12(c). 

When entrainment is allowed for all the sediments, as shown in Figure 7.12(d), 

simulation, suspended sediment concentration up to 1000 mg/l is possible 

within the Sound. As shown in Figure 7.12(e), net entrainment up to 2 cm is 

found off the Pascagoula Channel and in other shallow areas. Although 

entrainment is found in the area immediately off the West Pascagoula River, 

field studies have reported the formation of a mound there. The formation of 

the mound has apparently taken place during time periods when relatively low 

wind existed in the Sound. With the increased compaction of bottom sediments, 

the mound had become much harder to entrain than the entrainment relationship 

used in the present simulation. 
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MISSISSIPPI SOUND : FILE = SEDIAX4E 

CBNCENTRATI@N AT TIME @F 24.0 HBURS AND DEPTH BF O.S M 

DISSOLVED SPECIE 

5S CBNTBURS = (GM/(Me#3)) 

10. 20. 50. 

MISSISSIPPI S@UND : FILE = SEDIAX4G 

CBNCENTRATION AT TIME @F 24.0 HBURS AND DEPTH @F O.S M 

(b) W, =—.05 cm/sec 

DEPOSITION 

RESUSPENSION FOR NEW 
2 SEDIMENT ONLY 

; ae 
4 ye a 

Sl 

3 CBNTBURS = (GM/(Me#3)) 
72s 10. 20. 

A B C 

4 
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Figure 7.12. (a) Suspended sediment concentration at 0.5 m depth at 
the end of one day simulation. Westerly wind; No settling; 
Zero net flux at bottom. 

(b) Same as (a) except that W.=-0.05 cm/sec; Deposition and 
entrainment but no entrainment for the old sediments. 
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MISSISSIPPI S@UND : FILE = SEDIAX4G 
SURFACE DEP@SITI@N AT TIME BF 24.0 HBURS 
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1.00E-03 1.00E-02 5.O00E-02 0.10 
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MISSISSIPPI SOUND : FILE = SEDIAX4H 

C@NCENTRATIBN AT TIME BF 24.0 HBURS AND DEPTH BF O.S M 

W, = -.05 cm/sec 

veh DEPOSITION 
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2 
' x =, 

\ 
Ig Ww) 

4 
E F G H I 

Y 

9 CBNTBURS =: (GH/(Mee3)) 

72 10. 20. 50. 100. 250. 500. 750. 1000. 

A B C D E F G H I 

Net thickness of deposited sediments at the end Figune 72) \(c) 
of 1 day simulation corresponding to (b). 

(d) Same as (b) except that deposition and entrainment allowed 
for all sediments. 
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MISSISSIPPI SOUND : FILE = SEDIAX4H 

SURFACE DEPOSITION AT TIME BF 24.0 HOURS 

8B CBNTBURS =: (CM) 

E F G H I 
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Figure 7.12. (e) Net thickness of deposited sediments at the end 
of 1 day simulation corresponding to (d). 
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7.4 Wave Effect on Sediment Dispersion 

Wave Modeling 

In addition to the tidal currents and wind-driven currents, bottom 

orbital currents induced by wind waves in the Sound can cause entrainment of 

the bottom sediments. The wind waves in the Sound have been studied by using 

a spectral wave hindcasting model (Resio and Vincent, 1977) modified for 

shallow water environment. Basically, wave energy in the Sound is assumed to 

be derived completely from within the system. While some energy may actually 

come into the Sound from the Gulf through the tidal inlets, this appears to be 

a reasonable assumption since most of the incoming waves may break outside the 

barrier islands before entering the Sound. Some results are presented in the 

following. 

Figure 7.13 shows the area of wave study containing locations of the 

various stations. Wind data during September 1980 were recorded at four 

meteorological stations (MET 1, MET 2, MET 3, and MET 4) in the area. Two 

types of simulations were performed. The first simulation combines the hourly 

winds at these stations to compute an average wind for the entire Sound. The 

second simulation takes into account the variation of wind over the water and 

computes a wind velocity for each of the numeric wave stations. The second 

Simulation generally results in somewhat higher waves and stronger bottom 

orbital currents than the first simulation, but contains more uncertainty with 

regard to the nature of over-water wind variation. For simplicity, we will 

only present results obtained with the uniform wind. 

Wave Climate and Bottom Stresses During 9/20/80 to 9/25/80 

The detailed wind velocity during 20 September through 26 September 1980 

is shown in the stick diagram, Figure 7.14. Relatively mild winds are 

generally from the southeast except during a few hour period on September 4. 

Significant heights at stations 8, 10, and 17 are shown in Figure 7.15 and are 

generally less than 1 ft. Wave periods at all the stations, as shown in 

Figure 7.16, are generally on the order of 3 seconds or less. 
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HEIGHT - STATION 10 

AYE 

HEIGHT - STATION 17 (FT) 

WAVES DUE TH UNIFORM WIND 

o. 20. aoc. eo. 100. 120. eo. 
TIME CHBURS) 

WAVES DUE TH UNIFOB@RM WIND 

o. 20. ac. 100. 120. 6o. 
TIME CHOBURS) 

WAVES DUE TSH UNIFORM WIND 

(0) Oo 
20. 40. 6o. 100. 120. 6o. 

TIME CHBURS) 

Figure 7.15. Computed wave height at three stations during 9/20/80 
to 9/25/80. 
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WAVES DUE TSH UNIFORM WIND 
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TIME CHBURS) 
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PG | CHBURSI 

Figure 7.16. Computed wave period at three stations during 9/20/80 
to 9/25/80. 
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The bottom orbital currents due to these waves could be computed from 

linear wave theory and taking into account of the local water depths. 

Figure 7.17 shows the maximum bottom orbital currents at stations 8, 10, and 

17. The currents are much stronger at stations 8 and 17 in the immediate 

vicinity of the north shore, while rather weak at station 10 in the middle of 

the Sound. 

Bottom shear stresses at these stations, averaged over the wave cycles, 

are shown in Figure 7.18. Average bottom stresses at stations 8 and 17 are on 

the order of 3 anefan - but less than 1 umelen at station 10. Bottom shear 

stresses due to the tidal currents at the same time period are shown in 

Figure 7.19. At the same station, the tide-induced bottom stresses are 

generally an order of magnitude smaller. The bottom shear stresses due to the 

combined effects of tidal currents and wind-driven currents are somewhat 

stronger and are shown in Figure 7.20. For the mid-Sound station, the tide- 

and wind-induced bottom stress is comparable to the wave-induced stress and 

both may contribute to the entrainment of sediments. For the north-shore 

stations, however, the wave-induced stress is still an order-of-magnitude 

stronger. Entrainment of sediments at these stations would primarily result 

from the wave effect. 

Wave Climate and Bottom Stresses During 9/01/80 to 9/10/80 

The wave climate and wave-induced bottom stresses during 1 September to 

10 September 1980 are also computed. As shown in Figure 7.21, the wind 

velocity shifted from mild southeasterlies to strong northeasterlies and then 

to strong easterlies, before it diminished eventually. The significant wave 

heights at stations 8, 10 and 17 during this period are shown in Figure 7.22. 

High waves up to 3 feet occurred during 3 September to 5 September. The 

wWave-induced stresses, aS shown in Figure 7.23, increased substantially from 

the middle of 3 September. Due to the increasing fetch associated with the 

easterly winds, the bottom stresses become increasingly stronger’ from 

station 8 to station 10 and station 17. 

Computations on wave heights and wave periods presented above were 

obtained by means of a spectral wave model. The results were found to be 

generally higher than those obtained from the SMB model (CERC, 1973), which is 
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Figure 7.17. Bottom orbital] speed at three stations during 9/20/80 
to 9/25/80. 
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Figure 7.18. Wave-induced bottom stress at three stations during 

9/20/80 to 9/25/80. 
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Figure 7.19. Tide-induced bottom stress at three stations during 

9/20/80 to 9/25/80. 
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Figure 7.20. Tide- and Wind-induced bottom stress at three stations 
during 9/20/80 to 9/25/80. 
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Figure 7.22. Computed wave height at three stations during 9/01/80 

to 9/10/80. 
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Figure 7.23. Wave-induced bottom stress at three stations during 

9/01/80 to 9/10/80. 
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a parametric model. The wave heights were approximately 25% higher while the 

wave periods were 1.5 to 2 times higher. Although four wave gages were 

proposed to be installed in the area during our study period: two within the 

Sound and two offshore from the barrier islands, only two were installed and 

the available wave data contained too much contamination and hence did not 

@allow a detailed comparison with the model prediction. Since any 

Overestimation of the wave parameters could lead to overestimation of 

wave-induced entrainments of sediments, it is our opinion that future studies 

in the area should include a more careful validation of the wave model. 

Sheng (1980) compared various wave hindcasting models with data from the 

shallow coastal waters in Lake Erie. It was found that several models, which 

were originally designed for the deep-water environment, did very poorly in 

shallow waters. One such model was actually used in a study on wave-induced 

sediment transport in the Long Island Sound (Bokuniewicz et al., 1977). 

7.5 Deposition, Entrainment, and Transport of Sediments during 
3702780 to 9708780 

Ship Survey Data 

Ship surveys were conducted on 9/2/80 and 9/3/80. It was originally 

planned to take water samples from all the transect stations as shown in 

Figure 7.24. The 9/2/80 survey covered all the western stations between the 

Grand Island and the Ship Island. Due to high wave conditions on 9/3/80, the 

planned survey for the eastern Sound was halted. The water samples collected 

at half Secchi depth below the surface and 2 feet above the bottom were 

analyzed by Isphording (1980) for suspended sediment concentrations. His 

analysis for all stations indicated concentrations near the surface were 

generally higher than those near the bottom more than twofold. At station 

T-4, the surface concentration was found to be 596 mg/l while the bottom 

concentration was only 13.8 mg/l. Although this is possible to occur locally 

at some points, it is unlikely that such a remarkably high surface 

concentration could have prevailed over such a large area under the given 

climactic conditions. A concurrent measurement on the water turbidity was 

conducted from the survey ship with a nephelometer. The nephelometer data at 

all stations indicated generally higher turbidity near the bottom. It is thus 
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judged that the water sampler analysis was probably conducted with the surface 

samples and the bottom samples reversed. The resulting surface and bottom 

concentrations on 9/2/80 are then interpolated onto our numerical grid and are 

shown in Figure 7.25. Surface concentrations are on the order of 20 mg/1 

while bottom concentrations are on the order of 70 mg/l. 

Several days later, on 9/8/80, another survey was carried out in the 

western sound. On 9/9/80, the survey proceeded from the Ship Island to the 

Pascagoula Channel. On 9/10/80, the remaining stations in the eastern Sound 

were surveyed. The resulting concentration measurements are interpolated onto 

our grid and are shown in Figure 7.26. It is apparent that both the surface 

and the bottom concentrations have decreased slightly from those obtained on 

9/2/80. 

Model Simulation 

Using the model computed bottom stresses and the deposition and 

entrainment relationship derived from laboratory experiments, we have computed 

the time variation of the suspended sediment concentration within the bottom 

1 m at several stations. 

Initially, the suspended sediment concentration was assumed to be zero. 

Relatively calm weather conditions prior to the steady period indicates the 

bottom sediments are fairly compacted during the initial period. Entrainment 

relationship corresponding to a 5-day settling time is used in the 

calculation. The results at stations 8, 10, and 17 are shown in Figure 7.27. 

From the results, it is apparent that the high wave-induced bottom 

stresses have led to entrainment during 9/3/80 to 9/7/80. From then on, 

however, wind speeds decreased substantially and wind directions changed from 

the strong easterlies to the weak northerlies which had very short fetches and 

little wave energies. Deposition thus prevailed over most of the Sound to 

yield the low concentration distribution on 9/8/80 and 9/9/80. The 

near-bottom concentration at stations 8 and 17 are on the order of 100 mg/1 on 

2 September, and on the order of 40 mg/l on 8 September. All of the model 

simulated results agree quite well with the available ship survey data at the 

end of the simulation period (indicated by the circles in Figure 7.27). It is 
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MISSISSIPPI S@UND : DATE = 9/02/80 - 9/03/80 
MEASURED SURFACE C@NCENTRATION 

6 CBNT@URS *: (GM/(Mex3)) 
1.0 5.0 10. 15. 20. 25. 

MISSISSIPPI S@UND : DATE = 9/02/80 - 9/03/80 
MEASURED B2TTOM CONCENTRATION 

7 CBNTBURS = (GM/(Ma23)) 
10. 20. 40. 70. 1.00E+02 2.00E+02 5.O0E+02 

(a) Measured near-surface suspended sediment concentration Figure 7.25. 
in the Sound during 9/02/80 to 9/03/80. 

(b) Same as (a) except for near-bottom concentration. 
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MISSISSIPPI SBUND : DATE = 9/08/80 - 9/09/80 
MEASURED SURFACE CONCENTRATION 

6 CBNTBURS =: (GM/(Me#3)) 
1.0 5.0 10. 20. 30. 40. 

MISSISSIPPI S@UND : DATE = 9/08/80 - 9/09/80 
MEASURED B2TT@M CABNCENTRATION 

A ee ma Ss 
: Z ar one Se 

val 

6 CONT@URS =: (GM/(Max3)) 
5.0 10. 20. 40. 70. 1.00E+02 

Figure 7.26. (a) Measured near-surface suspended sediment concentration 
in the Sound during 9/08/80 to 9/09/80. 

(b) Same as (b) except for near-bottom concentration. 
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STATIGN 8: FF PASCAGBULA : 9/01 - 9/09 
1200 
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Figure 7.27. Simulated near-bottom suspended sediment concentration at 

three stations during 9/01/80 to 9/10/80. 
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interesting to see that, in between the ship surveys, bottom concentration 

over 1000 mg/l] had been reached at station 17. Detailed verification of the 

model simulation would require continuous measurements of concentration or 

turbidity at properly selected stations. This could be accomplished with a 

field study which incorporates in-situ measurements, ship surveys and remote 

sensing. During the period with strong easterlies, due to the stronger wave 

action, concentration is generally higher in the western Sound. The 

easterlies also caused significant transport of suspended sediments towards 

the west. 

7.6 Deposition, Entrainment, and Transport of Sediment durin 

9720/80 to 9/25/80 

Ship Survey Data 

Sediment concentration distributions interpolated from the ship survey 

data on 9/20/80 and 9/21/80 are shown in Figure 7.28. Low concentration 

between 10 mg/l and 20 mg/l exists near the surface, while higher 

concentration up to 200 mg/] exists near the bottom. This is consistent with 

our computations on the bottom shear stresses as presented in Section 7.4. 

The relatively strong bottom stresses on 9/20 and 9/21 apparently resulted in 

the entrainment of sediments and the higher near-bottom concentration. 

A subsequent ship survey conducted on 9/24/80 and 9/25/80 showed rather 

low suspended sediment concentration (~ 20 mg/l) throughout the water column 

(Figure 7.29). 

Model Simulation 

.Our bottom stress computations indicated that relatively high bottom 

shear stresses existed during 9/20/80 and the first several hours on 9/21/80. 

This resulted in the relatively high bottom sediment concentrations at all 

stations. During 9/23/80 and 9/24/80, significant wave-induced bottom 

stresses only existed for approximately 10 hours. Thus the higher bottom 

concentrations observed on 9/20/80 had decreased appreciably on 9/24/80 due to 

deposition. 
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MISSISSIPPI S@UND : DATE = 9/20/80 - 9/21/80 
MEASURED SURFACE CONCENTRATION 

6 CONTOURS =: (GM/(Me23)) 
1.0 5.0 10. 15. 20. 2s. 

MISSISSIPPI S@UND : DATE = 9/20/80 - 9/21/80 
MEASURED BOTTOM CONCENTRATION 

S CONTBURS ° (GM/(M#23)) 
1.0 20. So. 1,00E+02 2.00E+02 

Figure 7.28. (a) Measured near-surface suspended sediment concentration 
in the Sound during 9/20/80 to 9/21/80. 

(b) Same as (a) except for near-bottom concentration. 
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MISSISSIPPI S@UND : DATE = 9/24/80 - 9/25/80 
MEASURED SURFACE CONCENTRATION 

7 CBNTBURS = (GM/(He23)) 

1.0 5.0 10. 1152 20. 25. 30. 

MISSISSIPPI S@UND : DATE = 9/24/80 - 9/25/80 
MEASURED B&2TT@M CONCENTRATION 

S CBNTBURS : (GM/(M#23)) 
5.0 10. 20. 30. 40. 

Figure 7.29. (a) Measured near-surface suspended sediment concentration 

in the Sound during 9/24/80 to 9/25/80. 

(b) Same as (a) except for near-bottom concentration. 
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( a) STATI@N 8: FF PASCAGGULA : 9/20 - 9/24 

@ Ship Survey Data 
8 

& 
CONCENTRATI@N (GM/Mera3) 

8 

TIME (HBURS) 

STATION 10 : @FF BILOXI CHANNEL : 9/20 - 9/24 
200 ( b) 

fis 
S @ Ship Survey Data 

& 100 

: 50 

tt] 

STATION 17: @FF GULFPORT : 9/20 - 9/24 
cae (G) 

8 68 

& 
CQNCENTRATIGN (GM/Mee3) 

Figure 7.30. Simulated near-bottom suspended sediment concentration at 

three locations during 9/20/80 to 9/25/80. 
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Again, the model simulated sediment concentrations at all stations agree 

well with the ship survey data. Due to the relatively mild wind from the 

southeast, concentration levels during this period are generally smaller than 

those during 9/01/80 to 9/10/80. Transport of sediments is also weaker due to 

the smaller wind-driven currents in this period. 

7.7 Summary 

We have performed model simulations on the relative importance of tidal 

currents, wind-driven currents, and wave in causing sediment movement within a 

coastal environment. With the limited amount of data, we were able to perform 

realistic simulations of sediment movement within the Mississippi Sound and 

achieved reasonable agreement with data. During the study periods, 

significant deposition, entrainment, and transport of sediments were found 

within the Mississippi Sound. Future studies should concentrate on simulation 

of sediment movement during the sporadic high-energy events which have primary 

influences on the total sediment budget within the Sound. Remote sensing data 

on suspended sediment concentration can provide synoptic information over a 

large coastal area, hence could be used to provide better data for model 

initiation and verification. 
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8. CONCLUSIONS AND RECOMMENDATIONS 

The framework of a comprehensive model for coastal currents and sediment 

dispersion is formulated. Results of the present study and future studies 

needed are summarized in the following for various components of the overall 

model. 

An efficient three-dimensional and comprehensive numerical model of 

coastal currents has been developed and is operational. It may be used to 

provide detailed computations of the currents within several tidal cycles or 

time scales of a storm event. With some modification, it could be combined 

with a vertically-integrated model for long-term computations on the order of 

weeks, months, or longer. 

Applications to the Mississippi Sound and adjacent offshore waters showed 

that large spatial and temporal variation of currents and bottom shear 

stresses exist within the area. Model simulations during 9/20/80 to 9/25/80 

and 6/12/80 to 6/16/80 agree very well with measured data on surface 

displacements and currents. 

To better understand the effect of open Gulf circulation on the currents 

in the study area, the present three-dimensional model may be modified to 

compute the entire Gulf circulation on a relatively coarse grid. The results 

will then provide boundary conditions for the finer-grid, limited-area model 

used in the present study. Further studies on density-driven currents should 

also be planned with comprehensive measurement programs. 

The role of turbulence in affecting the deposition, entrainment and 

transport of cohesive sediments has been large oversimplified in the past. We 

have provided a thorough review and quantitative analysis on these aspects. 

For example, for cohesive sediments in a coastal environment, our analysis 

indicates that sediment particle dynamics is important and can be modeled by 

considering a number of particle groups and the coagulation process. 

Theoretical study on deposition of cohesive sediment is lacking and is needed. 

Detailed dynamics within a turbulent boundary layer, under pure wave or ~ 

wave-current interaction, has been studied by means of a turbulent transport « 

model. Model predictions compare well with data and are more accurate than: 
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simpler parametric models. Our study also indicated that the presence of the 

wave may either enhance or reduce the bottom shear stress due to the mean 

currents. Further study using this model is needed, as well as well-designed 

field or laboratory measurements, to elucidate the complex dynamics within the 

bottom boundary layer. 

Entrainment and deposition of the Mississippi Sound sediments was studied 

by means of a rotating annular flume. It was found that bottom shear stress, 

salinity, sediment type, and time history of bottom sediments have great 

influence on the entrainment rate of sediments. The water content (or bulk 

density) alone was found to be insufficient to characterize the erodability 

(or stability) of the Mississippi Sound sediments. Bacteria, macrofauna, and 

organic matter may be important in affecting the erodability of the sediments. 

Any model of sediment dispersion should include the time-history of the bottom 

sediment as a parameter. 

More flume studies should be performed to better understand the effect of 

various parameters on the erodability of sediments. The result will lead to a 

better understanding of the bed stability in the area, thus a better planning 

of dredging and disposal activities. Dredging or disposal at an unstable site 

should be avoided. On the other hand, depending on the parameters, disposal 

of sediments at a new site may have a stabilizing or de-stabilizing effect. 

Dispersions of sediment due to tidal currents, wind-driven currents, and 

waves have been studied. Waves are found to be generally more effective in 

causing entrainment of sediments. Model simulation of two events in September 

1980 showed reasonable agreement with data. 

Measurements of flow and concentration data usually consist of a finite 

set of data in a random field. To achieve meaningful model comparison with 

data, a long time series of data is required at any given point to obtain the 

proper mean value and variance. In addition, models capable of resolving the 

variances as well as the mean variables should be used. 
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APPENDIX A 

VERTICAL STRETCHING OF THE COORDINATES 
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APPENDIX A 

Vertical Stretching of the Coordinates 

The vertical stretching of the coordinates for the three-dimensional, 

free-surface model is obtained by letting 

= 90 0 se wo & ZEKE) ee x t = Bee = 

5 eae oe h(xsy)+5(x,y,t)  H oe 

By chain rule, first-order derivatives in the original coordinates (x,y,z) are 

related to those in the transformed coordinates (x',y',®%) as: 

Dx ~ Bx" H Ox 90 ~ H Bx Bo ee 

r) r) 13g 2 o 0H 2 

ay" By H By Bo” H ay Be ie 

ara Oh 
@z =H 20 Sa 

The vertical velocity w in the (x,y,z) coordinates is related to that in the 

transformed coordinates (w=do/dt) as: 

-dz2_ id Mean ae (SH+ ) 

Le dh oh do 
= Hw + o (u 32 + v3) + (l+o) ae (A-5) 

Utilizing (A-2) through (A-5), the continuity equation and the advective terms 

of the x-momentum equation in the original coordinates can be transformed as: 
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On, OM ., OUY y WW 
dt ax dy dz 

2 
1 | au , a(Hu_) , a(Huv) , 4 due au ag 
nme moa oye) ee ae ae aT) 

The diffusion terms in the momentum equations involve the second-order 

derivatives which are: 

ee EE ol Na (gp Sa SE (ee GeO. {( Ohl 2: 
ax ax H ox' ax' do ax ox! ~~ Ox! Vax do 

+ 

2 2 

ac\* (1a zag aH a (, a : 
(:) ( 25) is H 9x ax do ( 2) (A-8) 

TYG (: i) + Higher Order Terms 

An alternative way to derive the transformed equations is to perform 

tensor transformation on the dependent as well as the independent variables. 
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APPENDIX B 

LATERAL STRETCHING OF THE COORDINATES 
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APPENDIX B 

Lateral Stretching of the Coordinates 

In the lateral stretching of the coordinates, the x grid and the y grid 

are treated independently. Grid in each direction is divided into several 

regions, each with a certain number of non-uniformly spaced grid points. 

These points are then mapped into a uniformly spaced computational grid with 

equal number of points via Eq. (2.22). The coefficients in the equations are 

determined by matching the functional as well as their derivatives at the 

boundaries between regions. Derivatives in the original coordinates (x,y) are 

related to those in the stretched coordinates (%, Y) as: 

Be By te a as eet) 

37 1 2 1 0a 

Ape hy OS ial i 

r) OY. 8, yd 
—|} i ————_— = ——- ——— -3 

dy y oY LOY (B ) 
y 

37 1 94 1 9 
—z eee [(- =< B-4 

yg ee G *) He 

where Hy and Hy are stretching coefficients which vary from region to region. 

Details of determination of the lateral stretching coefficients can be found 

in Schmalz (1983). 
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APPENDIX C 

EQUATION OF STATE 

229 



i 

i 

= 

Afi 

to ee 

“3YAT2 20 WOTTALOR 

ees 



APPENDIX C 

Equation of State 

The equation of state used in the present study is (Cox et al., 1967): 

= 3 eon) 
Ap = o, = 10 (p-1) = Di aj; Ti Cy 

ij 

[Kg/m*] [°c] [ppt] (C-1) 

where the coefficients A; ij are 

-2 -4 -8 
8 x 10 > 4) 3 Ago = 1.3 x 10 B. yg S ASoll MY g Cli 

E -2 -3 -6 
aia = 5.9 x 10 B hn S 3.3 x 10 8 Bia = 2.9 x 10 3 

=3 -5 

-5 
a3) = 4.77 x 10 (C-2) 

231 



s(N98E «16 49 909) at youre smaceng ond 
a 

a ee ee! 7 

Ob x Wa * gee 
i 

wh 

t 

‘ ” 
x i 



APPENDIX D 

HYDRAULIC APPLICATIONS OF A SECOND-ORDER CLOSURE MODEL 

OF TURBULENT TRANSPORT 
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Reprinted from the Proceedings of the Conference 

Applying Research to Hydraulic Practice 
ASCE|Jackson, MississippilAugust 17-20, 1982 

Hydraulic Applications of a Second-Order Closure 

Model of Turbulent Transport 

By 

Y. Peter Sheng. 

INTRODUCTION 

Eddy-viscosity models have been widely used for the hydraulic 

analyses of turbulent transport phenomena in oceans, lakes, and 

estuaries. If sufficient data is available to establish the validity 

of the required parameters in the subject models, then the predictions 

of the models in that particular application give reasonably acceptable 

results. However, when sufficient data are not available and tne 

parameters for a specific application must be extrapolated from much 

different situations, the resulting predictions are highly speculative. 

For example, sediment transport in coastal waters usually occurs 

in highly oscillatory flow with appreciable density stratification. 

The flow may also cause bed forms which in turn affect tne flow. In 

such a Situation, large errors could result from the use of standard 

eddy-viscosity models since these models do not contain tne accurate 

physics describing: (1) the time lag between the mean flow gradients 

and the turbulent transport; (2) the time-dependent damping of the 

turbulent transport due to stable density gradients and _ tne 

counter-gradient turbulent transport due to unstable density gradients; 

and (3) the partitioning between skin friction drag and profile drag in 

the vicinity of an arbitrary roughness element. 

This paper highlights a turbulent transport model developed to 

make accurate predictions in turbulent flows where data is unavailable 

or hard to obtain, using as its strength modeling constants evaluated 

in situations far-removed from the flow of application. Tne basic 
turbulent transport model, originally developed by Donaldson and nis 

associates at A.R.A.P. (1,11,12), involves the retention of the 

second-order turbulent correlation equations that affect the mean flow 
variables. The added physics contained in the second-order closure 

model permit one to directly calculate the phenomena mentioned in the 

previous paragraph, without resorting to some ad-hoc eddy viscosity 

fixes. 

In the following, I will first give a brief description of the 

turbulent transport model. I will then discuss three example hydraulic 

applications of this model to (1) an oscillatory turoulent boundary 

layer, (2) the transport of momentum, heat, and species witnin a 

vegetation canopy, and (3) coastal currents driven by tide, wind, or 

Iconsultant, Aeronautical Research Associates of Princeton, Inc., 

P.O. Box 2229, Princeton, N.J. 08540. 
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density gradient. Emphasis is placed on the first application and 

detailed comparison with data. In the second exanple, a canopy model 

with some preliminary application is presented. In the third example, 

adaptation of a condensed version of the turbulent transport model to a 

mesoscale hydrodynamic model of coastal, estuarine, and lake currents 

will be outlined. 

A TURBULENT TRANSPORT MODEL 

The model equations of motion for an incompressible fluid in the 

presence of both a gravitational and a Coriolis body force, witn the 

mean variables denoted by capitals and the turbulent fluctuations by 

lower-case, may be written in general tensor notation as follows: 

aU au du,u, (0-0,) aU, 
— jae pele a A g 264 jK2jYK + re ( = (1) 
fC) Ox 5 OX j p OX; Q5 j ox 5 

aU 
meen (2) 
OX; 

BOl Ode ae Sade een) er (3) 
at J ox, ax; oxy | oxy 

du;u. du; u fo) OU. u.0 ue pees 
iJ at peed Le ead) aA fee wena ; 
Sem Ukditgg erat ier Klay aud k ax east 6.@n es EE Liinais “hes 

OEY ine q2 q3 
— 2€ jo Qy uu; + 0. re rereaa Eek SS Rls ery FS aan (4) 

=i meri U0 — - 2€.5, Q. U6 
ot Uy OK5 arg ox, J Ox, waned oe ijk “j “kK 

au;8\  0.75q — 
or ay ||| he Wau (5) 

J J 

Bz me Ao! = ~ 

ce , See eee AL. og (u = _ 0.4548 Oe 

au 
oA, y, MA. 0.35 4 u54; bask 7 Oba ey Osha GIN 

q Oxy Oxi 

236 



a -Y r te aant 9 0 04 

“ faboa eee we ,aiAnexe liaiy 
 yplgeexe brlas ‘ond AE .bednwe 
-. 09 Lebom srogene id Insiuows ond Yo nodaiey, beanebn 
ser saad it Sona fasten o, tat bow, olm 

io | ll te ae ps ry eaieut a 

“ha of bio efdtexarqnosnde oc) 229 fotien x 
D . and nalw ,sdr01 vboo elfoijod ws bra’ Eegolsastvas, 
Ri Bee EoctIudsel? ghefudws oid fae ese ion 6 be. 
| ee eee 26. nolteson noatind | reaes, mF medatam 

ieee ya f 

oe ee EAs 4 1s ee 

Eu. yg gytiorr p sae of 

$9.9 Rye = «Ey 9: 
ae £9 a ae * - Thich 



0.375 (aaa o.8n. We 
aq SS —- + Bi —_— (7) 

q Ox; q 5 

Boussinesque approximation is assumed to be valid such that tne only 

effect of the density stratification is in the gravitational pvody force 

term in the momentum equation (1). Equation (3), a diffusion equation 

for the temperature perturbation, can be written in terms of the 

density perturbation. For simplicity, diffusion equation for the 
salinity perturbation or otner species concentration is not included 
here, The overbars in the equation denote ensemble-averaged values. 

Many of the right hand side terms in the second-order correlation 

equations, including the stratification and the rotation terms, are 

determined precisely and hence did not require any modeling. The last 

three terms in Equation (4) and the last two terms in Equations (5) and 

(6) are modeled terms representing the effects of third-order 

correlation, pressure correlation, and viscous dissipation. Four model 

coefficients appear in these equations. All the right-—nand side terms 

in Equation (7) had to be modeled. Model constants are deterinined from 

analyzing a wide class of flow situations and remain invariant for any 

new applications. Boundary conditions required for the above equations 

will be described later in the specific examples. 

AN OSCILLATORY TURBULENT BOUNDARY LAYER 

Oscillatory turbulent shear flow is encountered in a variety of 

practical flow situations such as blood flow in arteries, flow past 

helicopter blades, and oceanic bottom boundary layer under a wave. The 

important role of wave boundary layer in affecting the suspended 

sediment concentration in shallow water environments nas_ been 

Quantitatively demonstrated by Sheng (15). 

Detailed measurements in oscillatory turbulent boundary layers are 

scarce. Jonsson and Carlsen (7) meaSured the detailed flow within an 

oscillating water tunnel with a fixed bottom, while Keiller and Sleath 

(9) measured the flow near an oscillating wall. Horikawa and Watanabe 

(3) measured the bottom boundary layer under a progressive wave in a 

wave tank. By far, the experiments of Jonsson and Carlsen (I will 
abbreviate with JC) are still the most comprehensive ones. Tney 

considered the more realistic case of a fully turbulent flow over a 

rough bottom. Jonsson (6) found that flow over a rough bottom becomes 

fully turbulent when the Reynolds number based on the bottom orbital 

velocity and the free stream anplitude reaches 10°. 

In JC's experiment (Figure 1), an 8.39 sec wave with a maximun 

mean free stream velocity of 2 to 2.22 m/sec and a nearly sinusoidal 

time variation was imposed on a water depth of 23 cm. Using a 
micropropeller, they measured the detailed vertical profiles of 

ensemble-averaged horizontal velocity within the water tunnel at 15° 

intervals through several wave cycles. 

Due to the lack of quantitative understanding of the turbulent 

transport processes, all existing theoretical analyses of oscillating 

turbulent boundary layer are based on some ad-noc eddy viscosity 
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models. Multi-layered (8) and time-dependent (6) eddy viscosities had 

to be used to achieve reasonable prediction of certain parameters. 

Grant and Madsen (2) predicted the velocity profiles of JC's experiment 

with reasonable accuracy, but failed to predict the phase relationship 

accurately. 

RISER = (a) CLOSED (b) = v VELOCITIES MEASURED 
(N THIS LINE 

Re THEORETICAL 
BED LEVEL 

CONCRETE 
SLAB 

| | OSCILLATING la cm|B cm Cem|K cm|Z-Yem 

10m PISTON 1.7 | 0.6 | 0.5} 2.3) 0.25 

Eligi lk Jonsson and Carlsen's oscillatory flow facility: (a) the 

water tunnel, (b) the bottom roughness elements. 

Using the one-dimensional version of the turbulent transport model 

described above, we performed a Simulation of tne oscillatory turbulent 

boundary layer measured by JC. The computational domain extends 

vertically from Z= Zo =0.077 cm at the bottom to Z=17 cm at the top. For 

Simplicity, we assume the mean longitudinal velocity at tne top to be 

sinusoidal with an amplitude of 2m/sec. Turbulent correlations at the 

top are assumed to be negligible. A time-periodic horizontal pressure 

gradient which balances the time variation of wave orbital velocity av 

the top boundary, waS imposed at all vertical levels. At the lower 

boundary, all turbulent correlations are assumed to have a zero 

gradient, except that the gradient of uw balances tne horizontal 

pressure gradient. Mean velocities are taken as zero at the bottom. 

To avoid the necessity of having to resolve the extremely small 

turbulence time scales in the immediate vicinity of the bottom, A is 

assumed to vary linearly with height below a certain height, and is 

determined from the dynamic equation (7) from there on. The nonlinear 

inertia terms are neglected, a valid assumption so long as the wave 

orbital velocity is much smaller than the phase speed of the wave. The 

model was run for several cycles until the results reached a quasi 

steady state, i.e., when results do not change from cycle to cycle. 

The mean velocity profiles computed by our model at 6=0°, 45° 

90°, 135° and 180° are shown in Figure 2. Excellent agreement between 

our results and JC's data was achieved. At peak amplitude, our model 

prediction shows a slightly higher overshoot at the eel level. et is 

interesting to note that the velocity profiles at 45° and 135° are 

quite different. Adverse pressure gradient is imposed on the flow at 

45°, while favorable pressure gradient is imposed on the flow at 135° 

Since the measured free stream velocity is not exactly sinusoidal, the 

measured velocity profiles have been normalized for comparison witn 

model results. 
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The turbulent shear stress -uw computed by our model is also 

compared with JC's data. As Shown in Figure 3, tne agreement is very 

good at $= 180°. However, the agreement is not as good at otner 9's. 

Johnson and Carlsen did not measure the Shear stresses directly, out 

instead computed them indirectly from the momentum equation. Due to 

the relatively coarse time resolution (4o=15°), errors could be 

introduced in determining the time derivative of the mean velocities. 

The computed bottom shear stress does indicate a phase lead of 

approximately aS over the free-stream velocity, which was also 

measured by JC. Although our model also computes all the other 

second-order turbulent correlations, no comparison with data could be 

made Since they were not measured. 

24) q d it > r 

-200 -100 (o) 100 200 
U,cm/sec 

Fig. 2. Velocities vs. height measured from top of roughness 

element ( model result, ®@ Ova JC's data). 

The phase lags of horizontal velocities at various levels computed 

with our model compare very well with JC's data (Figure 4). The 

horizontal velocity near the bottom shows a phase lead of about 2501 

Grant and Madsen's eddy viscosity model predicted a much worse phase 

relationship. As shown in Figure 4, their computed phase lead is 

actually off by more than 25% near the bottom. 

In slowly-varying turbulent boundary layers, there exists a thin 

layer near the bottom within which the turbulence is at equilibriun 
with the mean flow gradients and the mean flow variables vary 

logarithmically with height. This so-called logarithmic layer was also 

detected in JC's experiment on an oscillatory turbulent boundary layer. 

However, none of the previously mentioned theoretical analyses were 

able to predict the thickness of this layer and its variation with 

time. Figure 5 shows the variation of the log-layer thickness within 
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15 A.R.A.P Model 

\ \ ———-Experimental 

‘ *  —.—Grant & Modsen's Model 

(@) 100 200 300 400 

t(cm?/sec? ) 

Fig. 3. Turbulent shear stresses vs. 
height ( model result, 

AL JGls Gest) 

°6 0.1 0.2 03 0.4 0.5 
Phase Log in Radions 

Fig. 4. Vertical profile of phase 
Zigg/o lag between mean velocities 

and free stream velocity. 

Fig. 5. Computed log-layer thickness 
as a function of time over 

Sieus (aut Tisuar two wave cycles. 
Time/Twave 

two wave cycles as computed by our model. The log-layer attains its 

peak thickness of approximately 25 Zo Shortly after the free-—stream 

velocity reaches the peak amplitude, and almost completely dininishes 

shortly before the free-stream velocity reaches zero. This is 

consistent with the velocity profiles shown in Figure 2. For this 
analysis, the log-layer thickness is defined as the layer within which 

the turbulent kinetic energy is 95% or more of its wall value. If one 

defines a log-layer thickness based on the profile of uw, then the 

thickness is slightly increased. 
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Our model also computes the dynamic length scale of turbulence, A, 

which is a representation of the mean turbulent eddy size. Tne ratio 

between this length scale and the total velocity variance, q, 

represents the time scale associated with the eddy motion. In 

sediment-laden flows, the relaxation time of sediment particles (wW./g, 
where W.=settling speed) relative to the time scale of turbulent eddies 

determines whether the particles follow the turbulent eddy motions or 

not. For a given particle size, there exists a height below which the 

sediment particles do not follow the turbulent eddy motions and hence 

the interaction between the particles and the turbulent eddies has to 

be considered. In such case, the use of a dynamic turbulence model, as 

opposed to an eddy-viscosity model, is highly desirable and 

recommended. Tooby et al. (9) performed an interesting laboratory 

study on the "vortex trapping mechanism" in affecting the suspended 

sediment concentration in an oscillatory turbulent boundary layer. To 

include such a mechanism in a _ predictive model for sediment 

concentration, it is essential to consider the interaction between 

sediment particles and turbulent eddies by means of a turbulent 

transport model such as ours. 

TRANSPORT OF MOMENTUM, HEAT, AND MASS WITHIN A VEGETATION CANOPY 

A canopy of vegetation represents a complex lower boundary for 

hydraulic and atmospheric flows (Figure 6). For flow well above this 

canopy, it is usually adequate to characterize tne boundary in terms of 

only an aerodynamic roughness, Z,. But when one is interested in the 
flow within the canopy or immediately above it, a more detailed 

representation is required. 

Flow in vegetated waterways has been modeled empirically (e.g., 4, 

10). Although such empirical models may be useful for qualitative flow 

analysis, a more complete model is required for quantitative estimation 

of the transfer of momentum, heat, and species within the vegetated 

environment. Second-order closure models for canopy flow have recently 

been developed by Wilson and Shaw (20), and Lewellen and Sneng (13). 

The principal difference between these two models is that the latter 

consider heat and species transport as well as momentum transport. 

Lewellen and Sheng also used a more general representation of the drag 

per unit volume of the vegetation. The model can predict the variation 

in surface layer heat and species transport as a function of surface 
Reynolds number, Prandtl number, Schmidt number, and plant area density 

distribution. Although the basic canopy model was originally designed 

to aid in the prediction of the dry deposition of gaseous S02 and 
particulate sulfate in the atmosphere, it is quite general and hence 

provides a basic framework for extension to hydraulic applications. 

The canopy introduces source and sink terms into the basic 

conservation equations. The total drag force due to the canopy is 

composed of a skin friction drag and a profile drag. The skin friction 

drag forces of the canopy can be estimated by multiplying the shear 

stress across the laminar sublayer near the leaf surfaces by the total 

leaf surface area per unit volume. In addition to the skin friction 

drag, however, a more important pressure drag is generally imposed by 

the pressure difference between the upwind and downwind surfaces of a 

leaf or other object in the flow._wWetake—thetotal—drag—term—due-to———————_ 
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the canopy as 

/ / 
D; = er A,+ep Ar (1405/a°) ‘jl q Uj; with Cr=cy aa a (8) 

Where C>¢ is the skin friction drag coefficient and c, is the profile 

drag coefficient. The frontal area per unit volume, Rs, and the wetted 

area per unit volume, Au appear in Equation (8). These two areas 

differ at least by a factor of two and in moderate flow conditions when 

the leaf aligns itself with the flow they can differ by an order of 

magnitude. 

The sink terms in the energy and species equations may be obtained 

similarly by considering the transfer of heat and species across the 

sublayer as 

Q= cy Che Hg SEOs) a 

0°7 e D a 

Cleves (2 Jp-7 1+ er(2) q Rk, | A,aC = c,A,ac (10) 

In sunnary, a term -D; is added to the mean momentum equation (1), 

a term -Q is added to the mean energy equation (4), and the mean 

species equation can be written as 

0(u; c=d,C) 22, S25 ~o, Nae oe Sop (41) 
Ox; Ox; ox 

Both a source and a sink term need to be added to the Reynolds stress 

equations: 

ou,u, 2 2 pA 
— = 2c (Uy + q ) 1/2 Ar uu; 5i5 —2crp Aig uy uu; (no sum i,j)+... 

(12) 

The first term represents the creation of wake turbulence due to 
the profile drag, while the second term recognizes that the skin 

friction can also dissipate the turbulent fluctuation of velocity. The 

profile drag can also break up the eddies to increase the dissipation, 

but this is accounted for in the model by introducing an additional 

constraint for A which is inversely proportional to the plant area 

density, i.e., A < a/(c,A). Additional sink terms are | added to the 

temperature and species correlation equations for u. u,0, u.c {ce @2, c2, and 

co. 

The computational domain extends from z=0 at the bottom to z=2n,. 
twice the canopy height. At the top boundary, the mean variables are” 
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specified while tne turbulent correlations have zero gradient. At the 

lower boundary, the mean velocities are zero while the temperature is 

specified. Gradients of all turbulent correlations are zero, except wo 

and we which are given from sublayer relationships similar to Equations 

(9) and (10). 

Detailed measurements of mean flow variables and turbulent 

correlations within vegetated hydraulic environments are unavailable at 
the present time. Therefore, for model verification, we used the 

detailed flow measurements within a corn canopy obtained by Shaw 
et al. (14). 

The vertical profile of plant area density of the canopy is shown 

in Figure 7. de used the measured distribution of Ah shown in Figure 6 

aS Arph; a=0.1 and C.=0.16. C A. / Ag was given a value of 1 such that 

the skin friction drag is about one-third of the profile drag within 

the canopy, a relation measured experimentally by Thom (18). Based on 

these parameters, our model predictions agree closely with the measured 

mean longitudinal velocity Reynolds stress, and standard deviation of 

longitudinal and vertical velocities (Figure 8). most of the momentum 

is absorbed within the upper part of the canopy and little is 

transported to the ground. 

1.0 

@) Outer boundory 
loyer 

8 

@) Consiont fiux zh 

foyer 

6 

~ - ® Vegetation conopy 
Width. 

Smootr 4 

Burfoce 

or 

© Subloyer « leoves or 

other smooth surfoces 2 

% 2 4 6 8 

hA 

Fige 6. Four regions of planetary eUGhe 2s Profile of plant area 

or oceanic boundary layer density of a corn 

in the presence of vege- canopy. 

tation canopies. R,,R2, 

R;, and R, indicate 

resistance to species 
deposition. 

The same basic model was applied to simulate the heat transfer 

within the corn canopy measured by Shaw et al. in October 1971. The 

crop changed from 290 cm tall at the beginning of the experiment on 
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(a) (c) 

Z/H 

° 2 4 6 0 4 8 

U/U, -uw/U,y 

Fig. 8. Comparison of A.R.A.P. model predictions with data above 
a corn canopy. 

1.0 © Ociober 5 doto 

© October 15 dato 

ro 
A.R.A.P. model 

(°) 2 4 6 r) 1.0 

w'b'/w'b’, 

FUC)o Se Heat transfer within a corn canopy. 

October 5 to a noticeably less dense stand of 260 cm height on October 
15. AS shown in Figure 9, there is good agreement between the computed 
and observed heat transfer rate within the canopy on both dates. 
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COASTAL, ESTUARINE, AND LAKE CURRENTS 

Sheng and Butler (15) developed an efficient three-dimensional, 

time-dependent numerical model of coastal, estuarine, and lake 

currents. Special computational features included in the model are: 

(1) a time-splitting technique which separates the computation of the 

slowly-varying internal mode (3-D variables) from the computation of 

the fast-varying external mode (water level and vertically-integrated 

velocities), (2) an efficient ADI algorithm for the computation of the 

external mode, (3) a vertically-—-stretched coordinate that allows the 

same order of accuracy in the vertical direction at all horizontal 

locations, and (4) an algebraically-stretched horizontal grid tnat 

allows concentration of grid lines in regions of special interest. 
These features make the model suitable for long-tern simulation of the 

dynamic response of coastal, estuarine, and lake waters to winds, 

tides, and meteorological forcing. 

It remains a challenge for hydraulic engineers and oceanographers 

to properly resolve the turbulent transport phenomena in such 

meso-scale circulation models. In Sheng and Butler (15), turbulence 
parameterization is based on the assumption that the production of 

turbulence equals the dissipation of turbulence. Quadratic stress laws 

are assumed at the air-sea interface and the bottom. To improve the 

predictability of the three-dimensional hydrodynamic model, the 

turbulent transport model described early in this paper could be 

utilized. The basic model, as represented by Equations (1) through (7) 

and appropriate boundary conditions, could be applied to the general 

three-dimensional time-dependent flow. In such a case, however, the 

numerical computation of all the dynanic equations represents a 

formidable task. To keep the problem manageable, I believe a condensed 

version of the turbulent transport model should be used. AsSuning a 

high Reynolds number local equilibrium, the Reynolds stress and heat 

flux equations form a set of algebraic relationships between the 

turbulent correlations and the mean flow derivatives. The turbulent 

dynamics is carried by the dynamic equation for q*=uju;: 

eke! 0g i S*- = ~-2u.u. —— -2g. + qh (13) 
1 at ot J ax, J ex, Q, ox; Ox, 

and Equation (7) for the turbulent macroscale A. An extra term needs 

to be added to each of the uju,; equations to allow Equation (13) to be 
added without making the system overdetermined. This approximation 

allows for much better representation of the turbulent boundary layers 

in the ocean than do the standard eddy-viscosity models, and should be 
valid so long as the time scale of turbulence, A/q, is less than the 

time scale of the mean flow. 
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CONCLUSIONS AND RECOMMENDATIONS 

A turbulent transport model suitable for hydraulic applications 
has been presented. The model gives accurate prediction of the 
oscillatory turbulent boundary layer measured by Jonsson and Carlsen 
without having to change any of the model constants. The basic model 
is being utilized to study the current-wave interaction within the 
benthic boundary layer (16). A canopy model suitable for atinospneric 
aS well as hydraulic applications is presented, although the effects of 
additional parameters such as leaf stiffness need to be addressed. By 
combining the canopy model with a mesoscale ocean circulation model, 
one can accurately estimate the coastal currents in salt marsnes. The 
basic canopy model may also be carried over for Studying the flow and 
Sediment transport in the vicinity of bed forms. Adaption of a 
condensend version of the complete turbulent transport model into a 
three-dimensional, time-dependent numerical model of coastal currents 
is also discussed. The Proposed task should lead to significant 
improvements in the predictability of coastal circulation models. 
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APPENDIX II. -— NOTATION 

Plant area density 
Frontal plant area density 

Wetted plant area density 

Mean species concentration 

Species fluctuation 

Species diffusion coefficient 

Skin friction drag coefficient 

Profile drag coefficient 

Empirical constant 

Species diffusivity 

Gravitational acceleration 

Height of vegetation canopy 

Nikuradse roughness parameter 

Mean pressure 

Root-mean velocity fluctuation 

1»R2,R3,R4 Resistance to deposition in the four regions 

shown in Figure 6 

Wave period 

Time 

U.,U Mean velocity components 
alee 3 : 

Uj U5 Uy Fluctuating velocity components 

Mean longitudinal velocity 

W Mean vertical velocity 

w ~ Settling speed of particles 

y Horizontal coordinates 

Vertical coordinate 

Aerodynamic roughness 

Model constant 

Kronecker delta 
Alternating tensor 
Turbulent macroscale 

Mean temperature 

Temperature fluctuation 

Thermal diffusivity 

Standard deviation of U 5 
Standard deviation of d E 
Kinematic viscosity y 

Density 

Phase angle 

Earth's rotation 
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HYDRAULIC APPLICATIONS OF A SECOND-ORDER CLOSURE 

MODEL OF TURBULENT TRANSPORT 

KEY WORDS: Mathematical Model; Turbulent Transport Model; 

Hydraulics; Hydrodynamics; Ocean; Estuaries; Lakes; Sediment 

Transport; Three-dimensional; Circulation; Vegetation Canopy; 

Wave Boundary Layer; Turbulent Boundary Layer; Turbulence 

ABSTRACT: A turbulent transport model suitable for hydraulic 

applications is presented. The basic model retains the dynamic 

equations of second-order turbulent correlations that affect the 

mean flow, and hence allows much more accurate predictions than the 

standard eddy-viscosity models do. Three example applications of 

this model are given: (1) an oscillatory turbulent boundary layer, 

(2) the transport of momentum, heat, and species within a vegetation 

canopy, and (3) coastal currents driven by wind, tide, or density 

gradient. Results of the first example are discussed in detail. 

REFERENCE: Sheng, Y. Peter, “Hydraulic Applications of a Second- 

Order Closure Model of Turbulent Transport," Proc. Hydraulics 
Division Conference on Applying Research to Hydraulie Practice, 
ASCE, Jackson, Mississippi, August 17-20, 1982. 
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APPENDIX E 

Advective Schemes 

The finite-difference simulation of dispersion of contaminants (heat, 

salt, sediments, etc.) over large coastal regions is often carried out with a 

limited number of grid points. In this case, the choice of the convective 

scheme becomes very crucial. In general, it is desirable to have a convective 

scheme which can maintain accuracy, positivity, and conservation in the 

results. 

In this appendix, four convective schemes with differing amounts of 

numerical diffusion and dispersion are compared. These schemes are: (1) the 

upwind difference scheme (Roache, 1972), (2) the combined upwind and central 

difference scheme (Sheng, 1975), (3) the central difference scheme with 

smoothing (Sheng, Segur, and Lewellen, 1978), and (4) the flux-corrected 

transport scheme (Boris and Book, 1976; Zalesak, 1979). The details of these 

schemes are briefly described in the following. 

We will consider the conservation equation of a passive contaminant in 

two spatial dimensions (x and z): 

Secu west (E-1) 

where the flow field (u,w) is computed from some hydrodynamic model. Various 

numerical schemes have been developed to approximate the convection terms in 

the above equation. Numerical schemes introduce errors in the form of 

artificial numerical diffusion and/or numerical dispersion which often 

manifests itself in the form of short-wave oscillations (with wavelength 

typically twice the spatial grid spacing). In the present section, four 

convective schemes are described with respect to Eq. (E-1) and the numerical 

grid shown in Figure E.1. The finite difference form of Eq. (E-1) can be 

written in the following general form: 

n+l _ en At 5 
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Figure E.1 - Grid structure for solving the two-dimensional transport 

equation. 
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where fp and FL are the mass flux across the right and left boundary of the 

grid cell surrounding Ci jk» while gy and gg are mass flux across the top and 

bottom boundary. 

Upwind Difference Scheme 

In the upwind scheme, the fluxes are defined according to the direction 

of the flow along each boundary, e.g., 

fp = oak O Cit k if Ui ik <0 

Uae © Ciik if Folk > 0 (E-3) 

Combined Upwind and Central Difference Scheme 

Sheng (1975) combined the upwind and central difference schemes in the 

following fashion: 

Teak ° Ciik if Ui ck > O and Ci ik < Ci+1,k 

Uae O (Ci KtCiar K)/2 if Ui .k > 0 and Ci ck ? Cita k 

ele} pe °C Ci+1,k if tle op < 0 and Ciik > Ci41,k 

Mie MGs poe Ces Ques ie Os SO cir ne Chen (ERY) 

This will reduce the strong numerical diffusion introduced by the upwind 

scheme except when it is needed to avoid the possibility of generating 

negative concentrations. 
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Central Difference Scheme with Spatial Smoothing 

The central difference scheme contains less numerical diffusion than the 

upwind scheme but often produces numerical noise in the form of grid-to-grid 

oscillation, particularly when the grid points are too sparse to adequately 

resolve a given change in a variable. In the absence of strong physical 

damping, growth of these short-wave oscillations seriously deteriorates the 

numerical solution and may even lead to instability. We have designed a 

spatial smoothing scheme (Sheng, Segur, and Lewellen, 1978) to damp these 

short-wave oscillations out of the numerical solution while maintaining 

reasonable accuracy in the background solution. 

Given a solution profile at an instant of time, the smoothing scheme 

first chests for the slopes and curvatures at each point. For example, a 

typical profile of a one-dimensional variable V containing short-wave 

oscillations is shown in Figure E.2. The profile at a typical point C is 

considered to contain a peak (no smoothing applied otherwise) if: 

+4 > udy (E-5) 

where 

= [Vj = V5 | /4x 

= Me Use les 
i = Ween @ Ve ai|ek 

and yp is a constant not smaller than 2. If Eq. (E-5) is satisfied, the 

curvature at C is then compared with those at two neighboring points to see if 

the peak is associated with short-wave or long-wave oscillations. hears 

considered to be a short-wave oscillation if: 

ae? 
axa <0 (E-6) 

or 
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Figure E.2 - A typical profile containing short-wave oscillations. 
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2 2 
A x A <0 (E-7) 

where 

An = (Vj41 + Vj-1 = 2V5)/(ax)” 

= (Vian + Vy = WV j43)/(4x)? 
2 

= (V; + Vj5-2 = 2V 5-1) /(4x) 

If Eq. (E-5) and either Eq. (E-6) or (E-7) is true, smoothing is applied in 

the following manner: 

Vj = Vj + B(Vi47 + V5.1 - 2V 5) (E-8) 

where V; is the smoothed result at C, and g is a positive constant. 

First, the central difference scheme in the following form is applied to = 

solve Eq. (E-1): 

fp = UR O (Cisak + Ci lle (E-9) 

At the end of a computational step, the solution profiles along the horizontal 

direction are first checked and smoothing is applied when necessary. Profiles ~ 

along the vertical direction are then checked and smoothed in a _ similar 

manner. The smoothing scheme performed remarkably in many of the problems we 

tested (Sheng, Segur, and Lewellen, 1978; Lewellen and Sheng, 1981). 

Extensive tests indicated that B = 1/4 and u = 4 gave the best results. 

Flux-Corrected-Transport (FCT) Scheme 

This scheme was developed originally by Boris and Book (1973), — 

subsequently improved several times (Boris and Book, 1976), and most recently 

implemented by Zalesak (1979). This method is a two step method involving a 

low order calculation and a correction to a higher order. The correction is 

controlled to maintain stability and sharp change of the physical variables. 

The upwind scheme is used to compute the first order result: 
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Sa eres (Gog ese oon (E-10) 

td 1 
where Ci Kis the first order (transported and diffused) concentration, - ) is 

computed according to Eq. (E-3). 

A higher order scheme, e.g., the central. difference There can be 
: (2) (2) (2) 2 

applied to compute higher order fluxes fp , fj 5 ST » and gg according to 

Eq. (E-9). Antidiffusive fluxes are then defined as: 

aga fh ol! 
Aine fie = a (E-11) 

Aes am = a 

ey @) 
Ag = 9B - 9B 

It is these antidiffusive fluxes that are limited in the FCT scheme 

(Zalesak, 1979) such that: 

C 
Ap = Ap * Di+1/2,k 0 < Disis2jxn <1 

C 
AL aS Oia te 2 Ute te Se (ela) 
c 

Lop ap OW a pesyy 1) SUE pen I 

(eee 
Agi= Any oeDs ie yome wes Deiay 21s) 4 

Fpl ee ec MME Ka A CnNENS oe mma o. K = Pe k = iNT (Ap = AL + Ay 2 Ag) (E-13) 

The detailed of choosing the coefficients D's can be found in Zalesak (1979). 
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Comparison of Four Schemes 

The problem considered here is the transport of a passive dye by 

wind-driven currents in a two-dimensional basin (Figure E.3). Initially, dye 

of 1000 mg/g concentration is injected into the four numerical grids on the 

upper left corner while the background concentration is zero everywhere. The 

concentration contours at the end of one-day simulation are shown in 

Figures E.4 through E.7. Due to the strong numerical diffusion of the upwind 

scheme, the peak in Figure E.4 has dropped to 454 and the front of the 

100 mg/2 contour has almost reached the right boundary. The results of the 

combined upwind and central difference scheme in Figure E.5 are appreciably 

improved over the upwind results. The central difference scheme with 

smoothing maintains the peak closest to its original value of 1000 mg/%, as 

shown in Figure E.6. The smoothing scheme generally works quite well in the 

interior region (Sheng, Segur, and Lewellen, 1978), but is not able to remove 

a few negative concentration values adjacent to the boundary. The 

flux-corrected transport scheme, as shown in Figure E.7, is able to maintain a 

peak close to that in Figure E.6, and in the mean time does not produce 

negative concentration values. 

In conclusion, it appears that both the central difference scheme with 

smoothing and the flux-corrected transport scheme are superior to the upwind 

scheme. In the absence of negative concentration values, the two schemes are 

quite comparable. If the problem of interest contains sharp gradients near 

the boundaries, or contains very little background diffusion, the 

flux-corrected transport scheme should be used. Otherwise, either scheme may 

be applied. The ability of the smoothing scheme in controlling short-wave 

oscillations has also been demonstrated in realistic meteorological problems 

(Lewellen and Sheng, 1981). 
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Figure E.3 - Steady-state, wind-driven currents caused by a 5 m/sec wind 

in 2 two-dimensional enclosed basin. Dye of 1000 mg/1 is being released 

at tm woper left corner. 
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Figure =.4 -— Dye concentration after 1 day of release and driven 

by the currents in E.3. Computed with upwind scheme. 
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Figure E.5 - Same as E.4 except computed with the combined upward and 
and central difference scheme. 

ei 

x 

Figure E.6 - Same as £.4 exce pt computed with central difference scheme with smoothing. 
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MODELING COASTAL CURRENTS AND SEDIMENT TRANSPORT 

by 

Y. Peter Sheng! 
and 9 

H. Lee Butler 

ABSTRACT 

An efficient three-dimensional model of coastal currents and 
sediment transport has been developed. Simulations of tide- and 
wind-driven currents and sediment transport in the Mississippi Sound 
are presented. Results of a laboratory study on_ settling, 
resuspension, and deposition of sediment are briefly described. Wave 
effect on sediment resuspension is also addressed. 

INTRODUCTION 

Sediment transport in shallow coastal waters is an important 

coastal engineering problem. Many coastal waters, e.g. the Mississippi 
Sound, are receiving greater environmental concern due to increasing 

utilization of their resources, including dredging of shipping channels 
and disposal of dredged materials. To develop a regional plan of 
dredged material disposal alternatives, one should not only be 
concerned with the short-term fate of dredged material at specific 
sites, but more importantly the subsequent resuspension, transport, and 
deposition of sediment due to combined current and wave actions, 

particularly during the sporadic high-energy events. 

The various physical processes that can affect the distribution of 

sediment in a coastal environment are shown in Figure 1. Definitive 
quantitative understanding of the various processes is crucial to the 
success of any large-scale model. Recent improvements in numerical 
estimation of currents and waves and the increased availability of 
field data and satellite imageries has made it feasible to carry out 
meaningful large-scale simulation studies of sediment transport events 
(e.g. Sheng and Lick, 1979; Sheng, 1980). In this paper, we highlight 
a systematic study of the sediment transport in the shallow coastal 
waters of the Mississippi Sound and adjacent continental shelf waters 

in the Gulf of Mexico. 

1peronautical Research Associates of Princeton, Inc., P.O. Box 2229, 
Princeton, NJ 08540 U.S.A. 
Wave Dynamics Division, Hydraulics Laboratory, U.S. Army Engineer 
ee Experiment Station, P.O. Box 631, Vicksburg, MS 39180 
-S.A. 
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In the following, a three-dimensional hydrodynamic model will be 

presented first, followed by a realistic simulation of tide- and 

wind-driven currents in the Mississippi Sound and adjacent shelf 

waters. Transport, resuspension, and deposition of cohesive sediments 

are then discussed, followed by a discussion on the bottom boundary 

layer and wave effect. 

WIND 
aa 

RIVER LOADING WIND WAVES (T ~ 2 to 10 sec) 

Figure J]. Schematics of Dominant Mechanisms Affecting Sediment 

Distribution in Shallow Coastal Waters. 

A THREE-DIMENSIONAL NUMERICAL MODEL OF COASTAL CURRENTS 

In order to study the dynamic response of coastal waters to tides, 
winds, and meteorological forcing, a three-dimensional, free-surface, 
time-dependent model is often desired. In addition, stratification and 
complex topography have to be properly resolved. For relatively 
long-term application, computational efficiency of the model is 
extremely important. Traditional three-dimensional, free-surface 
models (e.g., Leendertse and Liu, 1975) require an exceedingly small 
time step (associated with the propagation of gravity wave over the 
distance of a horizontal grid spacing), and hence require extraneous 
computational costs. 

Special features of the present model include (1) a 
“mode-splitting"” procedure which allows efficient computation of the 
vertical flow structures (internal mode), (2) an efficient ADI scheme 
for the computation of the vertically-integrated variables (external 
mode) (3) an implicit scheme for the vertical diffusion terms, (4) a 
vertically and horizontally stretched coordinate system, and (5) a 
turbulence parameterization which requires relatively little tuning. 

Governing Equations and Boundary Conditions 

The basic equations describing the large-scale motion in a large 
body of water consist of a continuity equation, momentum equations, 
conservation equations of heat and salinity, and an equation of state. 
For simplicity here, the last three equations have been combined into 
an equation for the density. Inherent assumptions are: (1) pressure 
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distribution is hydrostatic in the vertical direction, (2) Boussinesq 
approximation is valid, and (3) non-constant eddy viscosities and 
diffusivities are used to describe the turbulence. The resulting 

equations are as follows: 

au, av, OW _ gg (1) 
dXie oy az 

2 

aus BE pee oleae (2) 
ax ay dz p V 

2 

B22 Be fu- Bs 3 (aR) oy (Ayyv) (3) 
at axe ) Say Wi eaz Po 8Y = 92 

Op we (4) ; eg 

GD gy Gao, Ming nf Chloe Os K 80 \4 vy > (Kyvyo) (5) at 3x ay Be eid W872 

where x and y are the horizontal coordinates; z is the vertical 

coordinate pointing vertically upward to form a right-handed coordinate 
system with x and y; u, v, and w are the three-dimensional velocities 
in the x, y, and z directions; t is time; f is the Coriolis 
parameter; g is the gravitational acceleration; p is the pressure; p 

is the density; Ay and Ky are the horizontal eddy coefficients; Ay 

and Ky are the vertical eddy coefficients; and 

™s ae een aE 

At the free surface, the appropriate boundary conditions 
are: (a) the wind stress is specified, 

V 2 I/O 
Po Ay 2 =) (Toystey) = Palga (uty) (uv (7) 

where t., and Toy are the wind stresses in the x and y directions 
respectively, Pa is the air density, Cys is the drag coefficient and 

(u.,v,) are the wind velocities at a certain height above the surface; 
(bf the kinematic condition is satisfied, 

ry eo AE u oes yee (8) 
at ax ay 

where c is the elevation of the free surface; (c) the dynamic 
condition is satisfied, i.e., p=p3, where p, is the atmospheric 
pressure; and (d) the density flux, i.e., the heat flux and the salt 

flux, is specified. 

At the bottom, the boundary conditions are: (a) a quadratic 

Stress law is valid: 
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du av)\_ Z a nl 
PoAy (32, is) = (Thy sThy) = eCy (u,+v,) (u, sv.) (9) 

where Thy and Tt are the bottom shear’ stresses, C is the 

skin-friction Poerieicnt and (u,, v,) are the velocities af the first 

grid point above the bottom, and tb) heat flux (or temperature) and the 
salt flux are specified. 

Grid Structure 

Anticipating appreciable variation of bottom topography in the 

horizontal direction, the X,Y,Z coordinate system is 
vertically-stretched to a x,y,o coordinate system, such that an equal 

number of grid points exist in the shallow coastal and the deep 
offshore areas (Figure 2a). The transformation takes the form: 

PZ CH Ve cae 
°* Atay) tcbayT A a 
where h (x,y) is the local water depth and c(x,y) is the free-surface 

Figure 2(a). Vertical Stretching of the Coordinates, 

(b). Horizontal Stretching of the Coordinates. 
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elevation. Such a transformation leads to (1) the same order of 
numerical accuracy in the vertical direction at all horizontal 
locations, and (2) a smooth representation of the bottom topography. 
Although additional terms are introduced by this transformation, the 
advantages warrant its application. Models using regular rectangular 
grid in the vertical direction cannot accurately resolve the shallow 
coastal area unless a large number of grid points is used in the deeper 
offshore area. In addition, if the bottom is approximated by a series 
of rectangular steps, estimate on bottom stress may be distorted and 
hence is not suitable for studying sediment transport problems. 

To better resolve the complex shoreline geometries and bottom 
features, a non-uniform grid is often required in the x and y 
directions (Butler and Sheng, 1982). To allow ease in _ numerical 
analysis and as shown in Figure 2b, this non-uniform grid (x,y,z) is 
further mapped into a uniform grid (a,y,o): 

X =a, + Dla : Ny sae byy (11) 

The transformed three-dimensional equations of motion in a,y,o 

grid system are rather complex. Detailed equations and boundary 
conditions in non-dimensional form can be found elsewhere (Sheng, 

1981). Staggered numerical grid is used in both the horizontal and 
vertical directions. 

External Mode 

In the present study, numerical computation of the vertical flow 

structures (internal mode), which are governed by slower dynamics, are 
separated from the computation of the vertically-integrated variables 
(external mode). This so-called "mode splitting" technique resulted in 
Significant improvement of the numerical efficiency of a 
three-dimensional hydrodynamic model for Lake Erie 
(Sheng et al., 1978). It allows for computation of the 
three-dimensional flow structures with minimal additional cost over 
computation of the two-dimensional flow with a vertically-integrated 

model. 

The external mode is described by the water level (zc) and the 
vertically-integrated mass fluxes (U,V) = Ay (u,v) Hdo. Performing 
vertical integration of the transformed three-dimensional equations of 
motion, and rewriting (a,y) as (x,y) for simplicity, we obtain: 

cay ak tO! ER RUOIONE M at * uy ax” uy 2 0 (12) 

2 

it i a pf ary i (LU Lie gay lal BE gl Te | aR ( 7 + iy ay ( m7 + H(W) | fV iy a + a ey he) 
vy 

(0) 0 

yet f low f Beidgiaigie (J pdoren) |ids + H.0-), (13) 
Pol ax ax 
orx =] o oO 
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il See) feb | AD pect GRUOC al 
at ax (4) * uy ay (4) ‘ Hao | JU = 7 at Se nsum by, 

Oo 
c) dH 

i E J ay + J Sp (f ndoso) Hde + (H.D.)y 
Z o 

where Hy=dx/da and yp ,=dy/dy are the stretching coefficients, w=do/dt is 
the vertical veloctty in the stretched coordinate, and (H.D.), and 
(H.D.), are the horizontal diffusion terms. Notice that the bottom 
stresses tsp Thy) are determined from the latest three-dimensional 
velocity profiles available from the internal mode computation, and 
hence are more accurate than the traditional vertically-integrated 
models which assume the bottom stress is proportional to the local 
vertically-integrated velocity or its square. 

(14) 

Treating implicitly all the terms in the continuity equation, 
while only the time derivatives and the surface slopes in the momentum 
equations, one can obtain the following finite-difference equations: 

n+l : n n 
(1+9A, +92) )W = [I+(I-9)a,+(I-9)ay JW + AtD (15) 

where 

meuAsite lf Bat 
x uy dx x? y uyay Ye 

o 1 o o o l (0) t 

A ={ gH 0 o S| OO) D =| D, W =f ou 
: 2 ; (16) 

0 0 oO H o Oo Dy Vv 

where (4x,4y) are the spatial grids, St is time step, D, and D, are 
terms in Eqs. (13) and (14) excluding the time derivatives ant the 
surface slopes, superscripts n+l and n indicate present and previous 
time step of integration, 5, and 6, are central difference spatial 
Operators, and @ is a weighting fattor, O<gsl. If $=0, Eq. (15) 
reduces to a two-step explicit scheme. If ¢>0 the resulting schemes 
are implicit, with o=1/2 corresponding to the Crank-Nicholson scheme 
and ¢=1 corresponding to the fully implicit scheme. Eq. (15) can be 
factorized such that solution can be obtained by consecutive 
tridiagonal matrix inversions in the x-direction -and y-direction. 
Further, we employ a method that solves only two variables during each 
sweep. This method allows very large time step to be used and has been 
found to be more stable than the traditional ADI method. Courant 
number pased on the maximum propagation speed of surface gravity wave, 
(gH ep) *~ At/Ax, may now be as large as 100, compared to the limit of 
1 for the explicit method. The maximum step is now governed by the CFL 
condition based on vertically-averaged advection speed in the system. 

In the full three-dimensional model, the external mode computation 
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is carried out in conjunction with the internal mode computation. 
Depending on the problem of interest, the internal mode may be computed 
every so often with a time step equal to or greater than the external 
time step. 

Internal Mode 

The internal mode of the flow is described by the vertical flow 
structures and the density. Defining perturbation velocities as 
u'=u-U/H and v'=v-V/H, the equations for the internal mode are obtained 
by subtracting the vertically-averaged momentum equations from the 
three-dimensional equations: 

‘ D t 
1 dHu' _ _ 3x 1 32 0 { Hu'+U 
oe, 0 te ne El A seks 

' D 1 1 dHv y a) a {Hv +V 
= =B,-—+——5— — 18 
H| Walt Ve onda ges ay Ce 

where B and B represent all terms in the transformed 

three-dimensional mémentum equations except the surface slopes and the 
vertical diffusion terms, and D, and Dy are defined in Eq. (16). 
Notice that the above equations retain~- the three-dimensionality and 

hence are different from the model of Nihoul and Ronday (1983) which is 
actually a superposition of a two-dimensional model and a vertical 
one-dimensional model. 

The above equations do not contain the surface slope terms and 
hence a large time step may be used in the numerical computation. In 
the present model, a two-time-level or three-time-level scheme with a 
vertically implicit scheme is generally used. The bottom friction 
terms are also treated implicitly to ensure unconditional numerical 
stability in shallow waters. Care must be taken to ensure that the 
vertically-integrated perturbation velocities at each horizontal 
location (i,j) always equal to zero. 

Once the equations for (u',v') are solved, and (u,v) obtained, 
vertical velocity w and density p may be computed. As mentioned 
before, the internal mode may be computed as often as the external mode 
Or as desired and as dictated by the problems of interest. The 
numerical time step for the internal mode is limited by the CFL 
condition based on the advection speed. In the present study, the drag 
coefficient Cq in the quadratic bottom stress law-Eq. (9) is generally 
specified as a function of the bottom roughness (z,), the distance 
above the bottom (z_), at which (u_,v_) is computed, and the stability 
function of the bottom flow ($.): 4 

2 fi i 
Cqg=k (1 ae + ts) (19) 

where k is the von Karman constant. It can be shown that the stability 
may increase (unstable case) or decrease (stable case) the drag 
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coefficient by as much as 40% (Sheng, 1980). 

Turbulence Parameterization 

A semi-empirical theory of vertical mixing is used in this study. 
The effect of stratification, as measured by the Richardson number, Ri, 
on the intensity of vertical turbulent mixing is parameterized by a 
number of empirical stability functions: 

2 2|-1 

= i): = ). - _ -9 dp | fou ov 
Ay = Avo %) (Ri); Ky = Kyo %, (Ri); Ri = aaa | (22) + (2) 

(20) 
n| 

where Avo and K\,, are the eddy coefficients in the absence of any 
density stratification and o and ¢, are stability functions. 
Traditionally, these stability functiéns have been determined 
empirically by comparing model output with measured data. As shown in 
Figure 3a, great discrepancy exists among the various empirical forms 
of the stability functions. In addition, the critical Richardson 
numbers, at which turbulence is completely damped by buoyancy, given by 
these formulas are much too high (10) compared to the measured value of 
0.25 (Erikson, 1978). To unify this discrepancy, stability functions 
may be determined from a second-order closure model of turbulence. 
Assuming a balance between turbulence production and 
dissipation, i.e., the so-called “super-equilibrium”™ condition 
(Donaldson, 1973), we can obtain a simpler set of algebraic 
relationships between the turbulent correlations and mean flow 
gradients. As shown in Figure 3b, such a stability function leads to a 

PARE. 

(a) Blumberg (b) 

Kent & Pritchard 

Bowden & Hamilton P (Ri) 

Munk & Anderson 

0 = F 

O 2.5 5.0 7.5 10 -6 -4 -2 O 2 4 6 

Ri Ri 

Figure 3. Stability Function vs. Richardson Number: 

(a). Empirical Formulations, 

(b). “Superequilibrium” Formulation Derived from 

Reynolds Stress Model. 
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critical Richardson number much closer to 0.25. In addition, such a 
formulation allows the definition of finite eddy coefficients in the 
unstable range (Ri <0). In order to utilize these relationships, a 
turbulence length scale which varies with depth and Richardson number 
has to be prescribed empirically. 

SIMULATION OF TIDE- AND WIND DRIVEN CURRENTS 

The three-dimensional numerical model of coastal currents has been 
applied to simulate the tide- and wind-driven currents in the 
Mississippi Sound and adjacent continental shelf waters of the Gulf of 
Mexico. As shown in Figure 4, the horizontal grid is composed of 116 
grid points in the y-direction and 60 grid points in the x-direction. 
The smallest grid spacing in the computational domain is on the order 
of 1 km. The water depth varies from only a few meters within the 
Mississippi Sound and the Mobile Bay to over 1000 m along the southern 
boundary. 

Y,J 
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Figure 4. Computational Grid for Mississippi Sound Simulation. 

Tides in the Gulf of Mexico 

Gulf tides differ from tides in most other places in the world due 
to the dominance of the diurnal components Kl, 01 and Pl collectively 
Over the semi-diurnal components M2 and S2, except along the west 
Florida coast. Reid and Whitaker (1981) developed a numerical tide 
model for the Gulf based on the vertically-integrated, linearized tidal 
equations to portray the barotropic response of the Gulf to tidal 
forcing. Forcing at ports was also included with an impedance type 
condition. Detailed data from 20 tidal gages located in open coastal 
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waters of the Gulf were used for the fine tuning of their model. Their 
study confirmed that diurnal tide in the Gulf is primarily a 
co-oscillating tide driven by adjoining Atlantic Ocean and Caribbean 
Sea. 

The water level response for a given tidal constituent is usually 

expressed in terms of the surface displacement ¢ (Schureman, 1941): 

c = F(t) A(A,¢) cos [ ae ar oe (A ,¢)] (21) 

where 4 is the longitude, ¢ is the latitude, A is the mean amplitude 
over 18.6 years and G the Greenwich phase or epoch at given position 

(A,@), w is tidal frequency, x is the astronomical argument, while F 
is the nodal factor, a slowly varying function of time. Tides at 

particular stations are characterized by A and G for individual 

constituents. In our study, A's and G's for 5 constituents (01, Kl, 

P1, S2 and M2) along the open boundaries of our grid are supplied from 

Reid and Whitaker's model. Surface displacements at the open boundary 

stations are determined from a linear combination of those due to the 

five tidal constituents. 

Tidal Currents off the Mississippi Coast 

As a first example, tides during 20 Sept. to 25 Sept. 1980 are 

computed with our three-dimensional model. The surface displacements 

at four stations (see Figure 4 for locations) within the Mississippi 

sound are compared with measured data in Figure 5. Notice that the 

measured data have been filtered such that variations due _ to 
short-period oscillations on the order of a few hours or less are not 
included. Initially, the diurnal tides are predominant. Towards the 
end of the five-day period, the diurnal tides become somewhat less 
predominant while the semi-diurnal tides became gradually more 
apparent. Good agreement is found at all stations. 

In this simulation, a relatively large:time step of 12 minutes was 

used for both the external and the internal modes. Seven grid points 

are used in the vertical direction. A relatively smooth bottom with a 

roughness length, z,, of 0.1 cm was assumed. A parabolic length scale, 

A, was assumed in the vertical direction. 

The tide-driven horizontal currents at mid-depth are shown in 

Figure 6 for two stations in the Mississippi Sound. Currents on the 

order of 30 cm/sec exist at both stations. Again, reasonable agreement 

is found between data and model results. 

The horizontal velocity field at 1m depth, after 3 days of 

simulation, is shown in Figure 7. Relatively large currents exist at 

the various tidal inlets and in the area between the Ship Island and 

the Chandelier Island. Except in these areas, at this instant of time, 

bottom shear stress generated by the tidal currents are generally less 

than 0.8 dyne/cm2. Hence little sediment resuspension is expected. 

However, during strong spring tides, such as those during the period of 

12 June to 16 June, 1980, relatively stronger currents and bottom shear 

stresses in excess of 0.8 dyne/cm2 could prevail within the tidal 
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Figure 5. Surface Elevation at Four Locations (see Fig. 4) 

from 20 Sept. to 25 Sept., 1980. 
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Figure 6. Mid-Depth Horizontal Velocities at Stations 5 and 6 

from 20 Sept. to 25 Sept., 1980. Tide Forcing Only. 

inlets and other shallow areas. Resuspension of cohesive sediment in 
these areas might occur and leave behind the coarser non-cohesive 
sediment. 
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Figure 7. Tide-Driven Horizontal Velocities at 1m Depth in the 

Vicinity of the Mississippi Sound at 0 hr, 

23 Sept., 1980. 

Wind-Driven Currents off the Mississippi Coast 

The results presented in the above did not contain any wind-driven 
effect. During our study, wind data were collected at several 
meteorological stations surrounding the Mississippi, Sound. The wind 
during the 5-day period was generally quite mild (- 5 m/sec) from the 
Southeast. To examine the effect of wind on the currents, we carried 
Out a three-day simulation from 20 Sept., using a uniform wind stress 
of 1 dyne/cm* from the Southeast. The southeasterly wind caused water 
to pile up within the Mississippi Sound, with a set-up on the order of 
12 cm along the Northern shore, and only 6 cm behind the barrier 
islands. 

The influence of wind on the current also depends on the location. 
Figure 8 shows the along-shore velocity at 2 locations over the 3-day 
period. At Station 5, off Cat Island, the presence of the wind did not 
have appreciable effect on the tidal current. At Station 6, within the 
pass between the Mississippi Sound and the Mobile Bay, the wind caused 
significant flow from the Mobil Bay into the Sound. This resulted in a 
significantly larger bottom shear stress which leads to the reduction 
in the amplitude of the tidal currents. 

Wind-driven currents in the Mississippi Sound depend strongly on 
the wind direction. For example, assuming a uniform wind stress of 
1 dyne/cm2 from the West, our model results showed relatively stronger 
Currents in the along-shore direction (Figure 9). Notice the 
near-surface and near-bottom velocities differ not only in magnitude 
but also in direction at some locations. This is partially associated 
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Figure 8. Mid-Depth Along-Shore Velocity at Stations 5 and 6 from 

20 Sept. to 23 Sept., 1980. Tide and Wind Forcings. 

with the pressure gradient caused by the wind set-up, which is on the 
order of 20 cm across the Mississippi Sound. According to a laboratory 
flume study on the erodibility of the Mississippi Sound sediments 
(Sheng, 1981), it is expected that the bottom shear stress generated by 
the strong Westerly wind in winter may cause significant resuspension 
Of sediments. 

TRANSPORT, RESUSPENSION, AND DEPOSITION OF COHESIVE SEDIMENTS 

Transport Modes 

The transport of cohesive sediment in the water column can be 
described by a conservation equation, similar to the heat or salinity 
equation, for the suspended sediment concentration. An equation 
similar to Eq. (5) can be written for the sediment concentration C. 
However, the vertical velocity in the sediment concentration equation 
should be composed of the sum of the fluid velocity (w) and a settling 
speed of the particles (we ). In_fresh..water;<the--settlLing-speed_of —_— 

cohesive sediment from a < coastal environment shows a relatively flat 
spectral distribution. As the salinity increases, the sediment 
particles form aggregates and the spectral distribution becomes much 
Sharper (Fig. 10). In this study, for simplicity, we assume the 

cohesive sediment in the Mississippi Sound can be described by one 
single settling speed. The settling speed of bottom sediment samples 
from the Sound was measured in laboratory, without adding dispersant to 
the samples, and a median settling speed determined. 

The behavior of sediment in the water column depends on the 
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SETTLING VELOCITY OF SITE-1 SEDIMENT 

20 

%o Fresh Water 

10 

O 

30 

20 

Salt Water 

10 

0 ° =I -2 -3 -4 [e) 1) (0) 10 lO" we (cm/sec) 
a a a ee 

135 42.8 S35 4.28 135 d( pm) 

Figure 10. Settling speed of Mississippi Sound Sediments in Fresh 

and Salt Water. 

cohesion and collision of sediment particles. Clay mineralogy and 
other chemical parameters determine the cohesion of sediment particles. 
However, in coastal waters where flow is generally turbulent, collision 
between particles play a more dominant role than cohesion in 
determining the state of flocculation. The frequency of collision 
between various groups of particles depends on the turbulent shearing 
rate on the dissipation scale and differential settling. Although our 
hydrodynamic model is capable of computing the small-scale turbulent 
shearing rate, there is insufficient data at this time to allow for 
precise determination of model coefficients for the flocculation model. 

Resuspension and Deposition Modes 

Resuspension and deposition of sediment at the sediment-water 
interface play important roles in the distribution of suspended 
sediment concentration. In general, resuspension and deposition depend 
on (1) the hydrodynamic forces generated at the bed within the 
turbulent bottom boundary layer; (2) bed properties such as sediment 
composition, water content, bed preparation (settling) time, and 
organic matter, bacteria, and benthos; and (3) fluid properties 
including salinity, temperature, and pH of pore water and overlying 
water. 

Effects of dominant parameters (shear stress, water content, bed 
preparation time, and salinity) on resuspension and deposition were 
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investigated in a laboratory flume (Sheng 1981; Sheng et al. 1982). 
To prepare the bed, sediments are introduced into the flume, 
resuspended, and allowed to settle for a period of 1 to 10 days. A 
given bottom shear stress is then applied and the time history of 
sediment concentration recorded until an equilibrium concentration is 
reached, at which the resuspension balances the deposition. As shown 
in Figure 11, resuspension as indicated by the equilibrium 
concentration depends strongly on the applied shear stress. More than 
an order of magnitude increase in equilibrium concentration can be 
expected when the shear stress is increased by a factor of 5. Salinity 
affects the aggregation of particles and hence the erodability of the 

Salinity (ppt) = 30 O 

Tp (dyne/cm?) = 3 3 

° (0) o 
10° Site # ' 1 4 10° 

Salinity(ppt)= 30 30 30 
TH O= 785 89 86.3 

foe 
eeaaa 

Today 
Ue 
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E E 
= To 10? 
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Settling Time (days)= 3 

\ 2 3 4 5 ‘oO 15 30 
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Figure 1l(a). Equilibrium Suspended Sediment Concentration in 

Laboratory Flume as a Function of Applied Shear Stress, 

(b). Effect of Salinity, 

(c). Effect of Time History of the Bed, and 
(d). Resuspension Rate as a Function of Time History of the 

Bed. 
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bottom sediments. The sediment becomes harder to erode at higher 
Salinity, with most variation occurring between 0 and 15 ~/oo. The 
sediment also becomes harder to erode as more time is allowed for the 
preparation of the bed. From the laboratory flume data, proper bottom 
boundary conditions for the sediment transport model can be derived in 
terms of the rate of resuspension (E) and deposition (V qc) 
(Sheng, 1981). The bottom boundary condition for the sediment 
concentration (C) equation can be written as: 

3c 

Vv az 

where the deposition velocity Vq ? 0 while the settling velocity 
Wo. <0. 
S 

Net Upward Flux = w.C - K = E - VgC (22) 

Sediment Movement in the Mississippi Sound Due to a Westerly Wind 

As an example to illustrate the important role of resuspension and 
deposition, we performed a 1-day simulation of sediment movement due to 
a Westerly wind. 

Initially, the background concentration is assumed to be zero 
everywhere except within a square area (shown in Figure 5) where the 
concentration is 500 mg/1 (newly introduced sediment). The sediment 
concentration is then computed with three different bottom boundary 
conditions: (1) zero net flux and zero settling speed, (2) with 
deposition and resuspension, but no resuspension of old sediment (vs. the 
newly introduced sediment) is allowed, and (3) deposition and 
resuspension allowed at all locations. For (2) and (3), a settling 

CONCENTRATION AT TIME @F 24.0 HOURS AND DEPTH @F 0.5 M 

DISSOLVED SPECIE 

~x< 

E F G H I 

Y 

Figure 12. Suspended Sediment Concentration at 0.5 m Depth at the 

End of l-day Simulation. Westerly Wind; No Settling; 

Zero Net Flux at Botton. 
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CBNCENTRATION AT TIME @F 24.0 HOURS AND DEPTH @F O.S M 
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Figure 13. Same as Figure 12 except that w, = —0.05 cm/sec; 
Deposition but no Resuspension for Old Sediment. 
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Figure 14. Same as Figure 12 except’ that w, = ~0-05 cm/sec; 

Deposition and Resuspension. 
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speed of 0.05 cm/sec was used. The results at 0.5 m depth at the end 
of one-day simulation are shown in Figures 12, 13 and 14. It is clear 
that resuspension of sediment plays a dominant role in redistributing 
sediment. The difference in results for (2) and (3) reflects the 
importance of quantifying the time history of bottom sediments, which 

strongly affects the erodability as shown in Fig. 11. 

BOTTOM BOUNDARY LAYER AND WAVE EFFECT ON SEDIMENT RESUSPENSION 

The wave climate during the September period of 1980 was studied 
by means of a spectral wave hindcasting model modified for shallow 
water. The blockage effect of the barrier islands allows us to assume 
that most of the wave energy in the Mississippi Sound was derived from 
the wind fetch within the Sound. From 20 to 25 Sept., wind was 
generally from the Southeast at about 5 m/sec. Results of the wave 
model indicate wave height generally under 30 cm and wave period under 
3 sec. Ata station off Gulfport (Station 17), the wave-induced bottom 
stress was the highest among all stations and on the order of 5 
dyne/cm2 during the first day (Fig. 15a). However, wave-induced stress 
Over most of the sound was generally not very strong, as can be seen in 
Fig. 15b, the bottom stress at a station off the Biloxi channel 
(Station 10) was generally less than 1.3 dyne/cm?. These findings are 
consistent with the sediment concentration data collected during this 
time period, which showed a slight initial increase in concentration 
followed by primarily depositional events. We also found that linear 
wave theory and empirical bottom stress formula tend to overestimate 
the wave-induced bottom stress within an oscillatory boundary layer. 

(a) Station 17 

Off Gulfport, MS 

WAVE - INDUCED 
o. 20. ac. so. 100. 120. 6o. 

TIME CHBURS) 

(b) Station 10 
Off Biloxi Channel, MS 

BOTTOM STRESS(DYNE/CM2) BOTTOM STRESS(DYNE/CM?) WAVE - INDUCED 
o. zo. ao. eo. 

TIME (HOURS) 

Figure 15. Wave-Induced Bottom Stress at two Locations in the 

Mississippi Sound from 20 to 25 Sept., 1980. 

(a). Station 17 off Gulfport, MS. 

(b). Station 10 off Biloxi Channel. 
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Detailed turbulent dynamics of the bottom bounday layer under a pure 
wave (Sheng, 1982) and current-wave interaction (Sheng and 
Lewellen, 1982) have also been studied using a Reynolds stress model. 
Contrary to the general belief, the presence of the wave was found to 
not always enhance the current-induced stress. 

CONCLUSIONS AND RECOMMENDATIONS 

An efficient three-dimensional numerical model of coastal currents 
has been developed and is operational. The model is suitable for 
detailed short-term simulations as well as longer-term simulations. 
Currents in Mississippi Sound and adjacent offshore waters have been 
computed with the three-dimensional model. Results obtained during a 
five-day period in September 1980 agree very well with the measured 
data. Large spatial and temporal variation of bottom shear stresses 
exist within the area. Rate of resuspension of the Mississippi Sound 
sediments (primarily Smectite) has been determined experimentally and 
was found to increase with increasing shear stress, decreasing 
salinity, and shorter time-history of the bottom sediment. Studies are 

needed to elucidate the effect of turbulence on flocculation the 
Current-wave interaction within the bottom boundary layer, and the 
inclusion of sediment time-history as a parameter in the mathematical 
model. 
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